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ABSTRACT 
CHARACTERIZATION OF ADSORBED ORGANIC MATTER ON MINERAL 
SURFACES 
FEBRUARY 2008 
SEUNGHUN KANG, B.A., SEOUL NATIONAL UNIVERSITY 
M.A., SEOUL NATIONAL UNIVERSITY 
Ph.D., UNIVERSITY OF MASSACHUSETTS AMHERST 
Directed by: Dr. Baoshan Xing 
Humic substances (HS) are the major components of soil organic matter (SOM), 
which are by far the most abundant organic materials in the environment. Advances on 
structural characterization of HS and their interaction with clay minerals will provide a 
more fundamental understanding of HS functions in such important roles as sorption of 
anthropogenic organic contaminants, stabilization of soil aggregates, and C sequestration. 
The objectives of this research were to determine any variation in structure and sorption 
properties of humic acids (HAs) and humins sequentially extracted from a soil and 
investigate characterization and fractionation of HA and relatively small carboxylic acids 
upon adsorption on clay minerals. 
In a phenanthrene sorption study of sequentially extracted HAs and humins, there 
were significant chemical and structural differences among the HA fractions and humins, 
and sorption was greatly affected by chemical structure and composition of humic 
substances, even from the same soil. A positive trend was observed between the sorption 
coefficient and the aliphaticity. Humin fractions with the highest aliphatic C contents and 
the lowest polarity showed the highest sorption capacity and nonlinearity as compared 
vi 
with the HAs. A negative relation was shown between the sorption capacity and polarity 
of HAs. The aliphatic-rich SOM in this study had less polar moieties, but had relatively 
high Koc. Therefore, the polarity of SOM is likely one of the important parameters 
controlling sorption of hydrophobic organic chemicals (HOCs). 
Adsorption of SOM onto clay minerals modifies their surfaces and reactivity and 
strongly influences the fate of organic contaminants and other species in soils and 
sediments. For investigation of the structural and conformation changes of HA and clay- 
HA complexes after sequential adsorption by goethite, kaolinite, and montmorillonite, 
UV-Visible spectroscopy, high performance size exclusion chromatography (HPSEC), 
13 
Fourier transform infrared (FT-IR) spectroscopy, and solid-state C nuclear magnetic 
resonance (NMR) spectroscopy were employed. Aliphatic rich HA fractions with polar 
functional moieties readily adsorb to the goethite surface, while aromatic fractions were 
left in solution. Similar to HA fractionation onto goethite, paraffinic fractions and polar 
aliphatic fractions sorbed preferentially on montmorillonite, but aromatic functional 
moieties likely remained in solution. However, paraffinic fractions were observed on 
kaolinite surfaces although the adsorbed proportion of these fractions was low. Because 
of high broken edge areas, kaolinite has more adsorption sites for carboxylic and 
carbonyl rich fractions than montmorillonite. With respect to MW fractionation after 
sorption, relatively low molecular weight (MW) HA fractions had a greater affinity for 
the goethite surface from the analysis and inference of the HPSEC chromatograms, which 
differs from the reported results in the literature. The low MW HA fractions might be 
intercalated into the interlayer of montmorillonite and high MW HA fractions adsorbed 
on external surfaces, which results in the adsorption of relatively wide range of MW HA 
vii 
fractions. The binding mode of small HA fractions on the clay minerals may be ligand 
exchange and/or electrostatic interaction, which gives HA-clay complexes new 
hydrophobic sorption sites for high MW HA fractions. 
To obtain information on the nature of the interactions between SOM and clay 
mineral surfaces, the adsorption of dicarboxylic acids by kaolinite and montmorillonite at 
different pH conditions was investigated using in situ attenuated total reflectance Fourier 
transformed infrared (ATR-FTIR) and ex situ diffuse reflectance infrared Fourier 
transformed (DRIFT) spectroscopy. The sorption was higly pH dependent and related to 
the surface characteristics of minerals; adsorption of dicarboxylic acids (succinic acid, 
glutaric acid, adipic acid, and azelaic acid) was the highest at pH 4 as compared with 
those at pH 7 and 9, and the soiption capacity of montmorillonite was greater than that of 
kaolinite. Furthermore, the complexation types, inner- or outer-sphere, depended upon 
dicarboxylic acid species, pH, mineral surfaces, and solvent conditions. Most samples 
tend to have outer-sphere adsorption with the mineral surfaces at all tested pHs. However, 
inner-sphere coordination between the carboxyl groups and mineral surfaces at pH 4 was 
dominant with freeze-dried complex samples. Therefore, organic acids in an aqueous 
environment prefer to adsorb onto kaolinite and montmorillonite by outer-sphere 
complexation, but inner-sphere complexation is favored under dry conditions. These 
results imply that organic acid binding onto clay minerals under dry conditions is 
stronger than that under wet conditions. The stable NOM/mineral complexes formed by 
frequent wetting-drying cycles in nature may resist chemical/microbial degradation of the 
NOM, which will affect carbon storage in the environment and influence the sorption of 
organic contaminants. 
vm 
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CHAPTER 1 
GENERAL INTRODUCTION 
1.1. Overview 
Soil organic matter (SOM) has been described as the whole of the organic materials 
in soil, including litter, microbial biomass, water-soluble organics, stabilized organic 
matter (humus), and plant residues in varying stages of decomposition. Although the 
abundance of SOM in mineral soils ranges from only 1-5% on average, however it has a 
great influence on the environment (Stevenson, 1994). For example, SOM is vital to the 
formation and stabilization of soil aggregates, thereby improving soil aeration and 
moisture retention capacity. Also, SOM serves as a major nutritional source of nitrogen, 
phosphorous, and sulfur for plants, a source of energy for microorganisms (Stevenson, 
1994; Hayes, 1997). In addition, it plays significant roles in detoxification of hazardous 
compounds and in the transport and binding of organic and inorganic contaminants. Thus, 
properties and quantity of SOM directly or indirectly affect our environment and human 
health (Xing and Pignatello, 1998). 
Humic substances (HS) can be separated into three fractions; fulvic acid (FA), 
humic acid (HA), and humin based on solubility in alkaline or acid solutions. Humin is 
obtained as an organic residue remaining after FA and HA are extracted by alkaline 
solution. Humin is believed to be a complex of HS and inorganic materials, primarily 
aluminosilicates or clay minerals (Rice and MacCarthy, 1991). The surface of clay 
mineral provides catalytic activity for a variety of diagenetic transformations of organic 
compounds, which ultimately gives rise to an organo-clay complex material known as 
humin (Malekani et al., 1997b). With respects to environmental issues, humin is 
1 
recognized as a major sorbent of organic contaminants in soils and sediments because 
more than 50% of various hydrophobic organic carbons (HOCs) (e.g., a pesticide) 
applied to soils are bound with this fraction (Kohl and Rice, 1998). Accordingly, the 
characterization of humin is an important subject for predicting and evaluating 
environmental fate of HOCs in soils. Therefore, in recent years interest in this fraction 
has continuously increased with respect to its chemical structure, conformation, and 
function in soil environment (Rice, 2001). 
There are many limitations in identification of physicochemical properties of the 
complex due to its poorly-defined heterogeneous characteristics, however, HS sorption 
studies onto clay minerals have been performed to understand formation mechanisms and 
characteristics of humin (Balcke et al., 2002; Gu et al., 1994; Vermeer and Koopal, 1998; 
Vermeer et al., 1998). Furthermore, the interactions of HS with clay minerals may alter 
the behavior of HOCs relative to their behavior with each sorbent individually. HS-clay 
complexes may prove to be a very significant binding source for organic or inorganic 
contaminants, where the adsorption efficiency depends on the nature and conformational 
character of the humic material once it adsorbs to clay mineral surfaces (Gunasekara and 
Xing, 2003; Jones and Tiller, 1999; Zhou et al., 1995). The fractionation and 
configuration of adsorbed HS on clay mineral surfaces can depend on the surface density 
and distribution of the reactive sites present on the inorganic surfaces. Also, the structure 
and conformation of HS can be affected by their interfacial configuration, which is 
dependent on the degree of ionization of carboxylic and phenolic groups on HS. These 
conformation changes may alter the size or accessibility of the hydrophobic domain for 
HOCs sorption (Murphy et al., 1990). 
2 
In addition, simple organic molecules have been substituted as an analogue of HS to 
elucidate HS sorption mechanism onto clay minerals (Kubicki et al., 1997; Specht and 
Frimmel, 2001; Wang et ah, 1997; Laird, 1997; Shen, 2000; Kirwan et ah, 2003; Wang et 
ah, 1997). Previous studies illustrated that the sorption of synthetic organic chemicals can 
be affected by various properties, such as the surface characteristics of clay minerals 
(Kubicki et ah, 1999; Ulrich and Stumm, 1988), pH of solution (Evanko and Dzombak, 
1998; Kirwan et ah, 2003; Nordin et ah, 1997), metal species (Kubicki et ah, 1999), 
functional groups, and aliphatic chain length of adsorbates (Boily et ah, 2000; Rosenqvist 
et ah, 2003; Wang et ah, 1997). Therefore, detailed knowledge about structural and 
conformational characteristics of the mineral-associated OM might help us to understand 
the influence of naturally occurring humin in different environmental processes. 
1.2. Structural and sorption characteristics of humic substances 
The chemical composition, structures, and conformation of SOM may vary greatly, 
depending on the origin and age of its source materials (Leinweber et ah, 1996; 
Skjemstad et ah, 1986). For example, HA from different soils had very different chemical 
compositions and structures (Chen and Pawluk, 1995). Also, chemical structures of HA 
changed with depth even within a single soil profile (Chen and Pawluk, 1995; Xing, 
2001). In addition, chemical characteristics of SOM were affected by agricultural 
practices (Rosell et ah, 1989); aliphatic carbons content of HA was higher in the top soil 
(0-5 cm) under conservational tillage than conventional tillage and declined with the 
increase of soil depth under both tillage systems (Ding et ah, 2002). 
The compositional and structural diversity of SOM leads to different sorptive 
properties for HOCs (e.g., Grathwohl, 1990 and Weber et ah, 1992). For example, the 
3 
sorption capacity of organic matter in unweathered shale and high-grade coals is more 
than an order of magnitude higher than that of organic matter derived from recently 
deposited soils, geologically immature material or highly weathered SOM. Similar 
inferences can be drawn while comparing with the shale fraction ot soils (Garbarini and 
Lion, 1985; Grathwohl, 1990; Xing and Pignatello, 1997). A number of investigators 
have reported that Koc of HOCs is predominantly influenced by the chemical 
characteristics of SOM (Gunasekara and Xing, 2003; Khalaf et al., 2003; Kulikova and 
Perminova, 2002; Salloum et al., 2002; Xing, 1997). 
13C NMR and FT-IR spectroscopy have emerged as very useful tools for 
characterizing SOM (Kinchesh et al., 1995; Preston, 1996). Several workers have 
reported that the Koc of HOCs was linearly or exponentially related to the aromatic 
carbon contents of HAs or whole soils (Ahmad et al., 2001; Chen et al., 1996; Chin et al., 
1997; Gauthier et al., 1987; Perminova et al., 1999). The Koc value of humic materials 
can vary by as much as an order of magnitude, depending upon their origins. Murphy and 
Zachara (1995) suggested that HS have heterogeneous sorption sites with those 
consisting of hydrophobic domains being strong and energetic binding sites. These 
domains may either be aromatic or aliphatic. Chen et al. (1996) reported strong sorption 
of a-naphthol by highly aromatic HA, while Chin et al. (1997) found a linear relationship 
between the Koc of HOCs and the aromaticity of HA and non-extracted organic 
substances in whole soils and sediments. Similarly, Xing (2000) noted that the Koc values 
for phenanthrene of six HAs extracted from different depths within a single soil profile 
increased with the aromaticity of the sorbents. Furthermore, an old and aromatic-rich 
organic matter sample, in coherence to the organic matter extracted from shale or coal. 
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yielded higher Koc values than young organic matter in surface soils. These observations 
indicate that the aromatic moieties in SOM, regardless of source, are the main sites for 
HOCs sorption in soil and sediment. 
The mechanism underlying the interaction of aromatic moieties in SOM with HOCs 
is yet to be clarified. One reason for this preferential interaction is the increased 
polarizability of the substrate in aromatic-rich humic substances (Chin et ah, 1997; 
Gauthier et al., 1987). An increase in the polarizability of the humic materials may result 
in an increase in van der Waals interactions between the solute and substrate. In an 
aromatic-rich SOM, PCBs would be particularly susceptible to these interactions for 
congeners that possess weak dipole moments. For instance, Gauthier et al. (1987) 
explained the sorption enhancing effect of aromatic structures in SOM is due to a high 
polarizability and a favorable van der Waals interaction with HOCs. The formation of 
charge-transfer complexes, where polyaromatic hydrocarbons (PAHs) acts as electron 
donors, was also discussed, while the aromatic moieties in SOM act as electron acceptors 
(Sander and Pignatello, 2005; Zhu and Pignatello, 2005). Chiou et al. (1998) attributed 
the enhanced sorption of PAHs, as compared with other nonpolar solutes, to a better 
compatibility between the cohesive energy densities of PAH and the aromatic 
components in SOM. More recent reports suggest that the condensed aromatic structures 
found in black carbon or soot carbon may govern the sorption and distribution of HOCs 
in sediments (Accardi-Dey and Gschwend 2002; Bucheli and Gustafsson 2000). 
The aliphatic components of SOM, derived from various sources, tend to persist in 
soil (Almendros et al., 1998; Lichtfouse et al., 1998a; Lichtfouse et al., 1998b; Mosle et 
al., 1999; Poirier et al., 2000). The principal source of aliphatic materials in soil is plant 
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cuticular materials, especially cutin, an insoluble polyester ot cross-linked hydroxy-fatty 
acids and hydroxyepoxy-fatty acids (Kolattukudy, 2001). Some plant cuticles also 
contain an acid and base hydrolysis-resistant biopolymer, comprised of aliphatic chains 
attached to aromatic cores known as cutan (Chefetz, 2003; McKinney et al., 1996; 
Sachleben et al, 2004; Tegedaar et al., 1989). Both of cutin and this biopolymer are 
difficult to degrade microbiologically, and could be selectively preserved in soils with 
little or no alteration (Almendros et al., 1996; Nierop, 1998). Hu et al. (2000) were able 
to detect semicrystalline poly(methylene) domains in natural organic matter (NOM) 
samples from various sources, resembling those in synthetic polyethylene. Relatively 
rigid crystalline layers of 3-nm thickness, with melting points around 75°C, were found 
adjacent to amorphous regions having rubber-like segmental mobility. Being resistant to 
microbial attack, the crystalline regions have long residence times, while the amorphous 
regions may play a greater role in the sorption of HOCs in soil. 
Recent investigations have indicated that the aliphatic carbon fraction, rather than 
the aromatic fraction, was strongly correlated to HOC sorption. For instance, the sorption 
of phenanthrene was related to the nonpolar aliphatic carbon fraction, excluding 
poly(methylene), but was very strongly correlated with the content of the amorphous 
nonpolar aliphatic domains including amorphous poly(methylene) (Mao et al., 2002). In 
other words, the rubbery, relatively low-density, and amorphous nonpolar aliphatic 
carbon domains are excellent in partitioning phenanthrene. 
Chefetz et al. (2000) determined that cuticular plant material, composed mainly of 
aliphatic structures, sorbed more pyrene than the highly aromatic lignin and lignite. Also 
aliphatic com leaf residues have high sorption affinity for HOCs (Boyd et al., 1990). 
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Similarly, sorbents that contain a large amount of amorphous methylene carbon, such as 
the Pula kerogen sample, exhibited higher Koc values for phenanthrene than the aromatic- 
rich samples. On the other hand, the phenanthrene Koc value for collagen was remarkably 
high, although this material does not contain polymethylenic carbon. This observation 
has been attributed to the ability of collagen to orient into a triple-helical structure with 
hydrophobic domains (Xing et al., 1994b). 
During diagenesis, catagenesis, and coalification, NOM is subjected to chemical 
alteration, with graphite (crystalline carbon) being the final product. As a result of these 
processes, the hydrogen/carbon (H/C) atomic ratio, representing the aliphaticity of SOM, 
and the oxygen/carbon (O/C) atomic ratio, representing the polarity of SOM, generally 
decreased. Grathwohl (1990) found a relationship between sorption capacity and the 
atomic H/O ratio of NOM. Similarly, there is a good relationship between log Koc and the 
polarity index (PI) of SOM, defined as the (0+N)/C ratio (DePaolis and Kukkonen, 1997; 
Rutherford et ah, 1992; Xing, 1997; Xing et ah, 1994a). The effect of SOM polarity on 
sorption of organic compounds is consistent with the well-known theory of solvent 
polarity on solute solubility. In studying the influence of SOM composition on the 
partitioning of benzene and carbon tetrachloride, Rutherford et ah (1992) also 
demonstrated that Koc values for both chemicals increased with decreasing polar content 
of organic sorbents. Recently, Wang and Xing (2005) demonstrated that HA adsorbed 
onto montmorillonite and kaolinite was more hydrophobic and less polar, which favored 
phenanthrene sorption, resulting in a higher sorption capacity than the source HA. Thus, 
with the previous results and our present data, we conclude that the polarity is one of the 
most important compositional parameters of SOM governing HOCs sorption. The humin 
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fraction with relatively low polarity showed higher sorption capacity than the early 
extracted HAs with higher polarity, which reflects a negative relationship between 
polarity and logKoc. Chen et al. (1996) reported that the Koc of a-Naphthol is negatively 
related to the polarity of organic substances from soils and sediments. 
In assessing the influence of SOM composition on the partitioning ot benzene and 
carbon tetrachloride, Rutherford et al. (1992) found that the Koc values for both chemicals 
increased as the polarity of the organic sorbents decreased. The average Koc calculated for 
carbon tetrachloride and 1,2-dichlorobenzene for sediments was twice as high as that for 
soils even though the samples did not differ appreciably in their aromatic carbon content 
(Kile et al., 1995). This finding indicated that the polar carbon content (aliphatic carbon 
plus carboxyl and carbonyl carbon) negatively affects sorption of the HOCs to organic 
matter. 
Therefore, HA plays an important role in environmental processes governing the 
fate and transport of organic and inorganic contaminants in soil environments, which is 
significantly affected by the chemical structure of HA. The characterization of overall 
chemical structure of SOM is important to understand and elucidate its interactions with 
organic or inorganic contaminants. Up to now, however, for characterization of HA and 
humin or sorption/desorption of HOCs with HA and humin, most researchers used single¬ 
time extracted HAs or mixed HAs which combined individual HAs extracted repeatedly 
from a soil (Chen et al., 2002; Malcolm, 1990). Structures and chemical compositions of 
individual HA fractions, however, can vary with extraction methods, solutions, and 
numbers of extraction (Piccolo, 1988; Schnitzer, 1982; Stevenson, 1994) due to the 
complexity and heterogeneity of SOM. Therefore, sorption studies using a single-time 
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extracted HA or a pooled, mixed HA from several extractions may not provide detailed 
sorption information for a given soil. 
1.3. Characterization of humic acid adsorbed onto clay mineral 
Generally, humin is believed to be a HS complex with inorganic colloids or clays, 
most likely due to the presence of similarity in elemental compositions and functional 
group contents between HA and humin. Furthermore, humin has also been considered a 
high molecular weight (MW) polymer (Stevenson, 1994), a lignoprotein (Somani and 
Saxena, 1982), a melanin (Russell et al., 1983) or plant and fungal residues in varying 
stages of decomposition (Anderson et al., 1974). Using solid-state NMR, Hatcher et al. 
(1980) first reported the clear indication of the distribution of carbons in humin, and then 
they concluded that a repeating aliphatic structural unit, possibly attributable to branched 
and cross-linked algal or microbial lipid, was common to both sediment and soil humin 
samples. Humin is enriched in these aliphatic substances because of their selective 
preservation during organic matter diagenesis (Orem et al., 1986; Lichtfouse et al., 1998). 
Other studies have also attributed a significant aliphatic character to humin (Preston and 
Ripmeester, 1982; Preston and Newman, 1992; Lichtfouse et al., 1998). Rice and 
MacCarthy (1991) suggested that aliphatic components of humin corresponded to 
extractable- and bound-lipid components. Almendros and Sanz (1992) demonstrated 
well-defined biopolymer patterns, where polyalkyl structures possessing monomer units 
typical of cutins or suberins are the predominant constituents. In addition to 
investigations of the chemical components of humin, several studies examined the 
structural conformation of humin. Lichtfouse (1999) proposed that aliphatic components 
are physically encapsulated within other organic components of humin and bonded 
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covalently. Preston and Newman (1992) investigated the 'H spin-lattice relaxation time 
(77) values for different carbons to establish that aliphatic and aromatic/carbohydrate 
carbons exist as spatially distinct domains in a HF/HC1 de-ashed humin sample. 
Furthermore, Flu et al. (2000) revealed that the rigid, aliphatic carbons have crystalline 
nature. However, the difficulty of separating organic fractions and macromolecular 
characterization has lead to limitations in understanding humin. Therefore, synthesized 
HS-clay complexes have been used to understand the formation mechanisms of humin. 
The important mechanisms by which SOM adsorbs onto mineral surfaces have been 
proposed to involve: (1) anion exchange (electrostatic interaction), (2) ligand exchange 
surface complexation, (3) hydrophobic interaction, (4) entropic effect, (5) hydrogen 
bonding, and (6) cation bridging. Detailed descriptions of these mechanisms has been 
offered by Sposito (1984). However, there are few direct measurements discussed in the 
literature with which these mechanisms are actually evaluated. In reference to HS 
sorption studies by clay minerals, several authors have provided spectroscopic evidence 
for the interaction via “ligand exchange” between mineral surface hydroxyl groups or 
bound water molecules and the oxygen of carboxylic or hydroxyl groups of HS (Gu et al., 
1994; Kaiser et al., 1997). Sorption of HS by ligand exchange is believed to occur in the 
following sequence (Sposito, 1984; Zhang and Sparks, 1989): 
SOH + H+ SOH2+ (1) 
SOH2+ + Hu-C(0)0 <—> SOH2+O C(0)-Hu (2) 
S0H2+0 C(0)-Hu S0C(0)-Hu + H20 (3) 
where SOH represents the surface hydroxyl groups on sorbents, and Hu-COO- represents 
humic carboxyl groups. The first step of this process is protonation (Eq. 1), which renders 
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the surface hydroxyl groups more exchangeable. The protonation step is responsible, in 
part, for the pH dependence of the fractional sorption. The humic carboxylic groups may 
then form outer-sphere surface complexes with the protonated hydroxyl groups (Eq. 2). 
Ligand exchange (H:0 for Hu-COO) is postulated to occur in the final step (Eq. 3), 
yielding an inner-sphere complex. For instance, Gu et al. (1994) proposed a ligand- 
exchange mechanism to explain the strong hysteresis between adsorption and desorption 
in a study on the reversibility of the adsorption for SOM by iron oxide minerals. In 
contrast, Inoue and Huang (1986) indicated that HS were adsorbed on allophane through 
an anion-exchange mechanism. According to a study by Jardine et al. (1989) on the 
adsorption of SOM on several soils containing 1-3% DCB-extractable Fe, the 
predominant mechanism for SOM adsorption by the soils was the physical adsorption 
driven by favorable entropy changes. Summer and Roberts (1988) have suggested the 
importance of electrostatic interactions and the role of both pH and electrolyte 
concentration on HA adsorption. Metal ions have a relatively strong effect on the sorption 
of HA by mineral particles (Elfarissi and Pefferkom, 2000; Petrovic et al., 1999). Tipping 
2_|_ 2+ 
(1981) reported slightly higher adsorption values in the presence of Ca" and Mg“ and 
postulated that the cations and the positive surfaces of iron oxide compete for the anionic 
groups of HA, which results in fewer contacts between the HA and the surfaces. 
Furthermore, due to the formation of metal ion-HA complexes the lateral electrostatic 
repulsion between the adsorbed HAs decreased, which may contribute to an increase of 
HA adsorption. Engebertson and Wandruszka (1994) also found an increase in HA 
adsorption with divalent metal ions. This increase may result from HA rearrangements 
and then leads to the more compressed structure of the complexes. 
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Hydrophobic adsorption may be considered as another mechanism contributing to 
HS binding onto clay minerals (Baham and Sposito, 1994; Balcke et al., 2002; Davis and 
Glour, 1981; Jardine et al., 1989; Kaiser and Guggenberger, 2000; Kaiser et al., 1997). 
Hydrophobic adsorption becomes more favorable at low pH values when phenolic OH 
and carboxyl groups of HS are protonated. For the sorption of a nonionic homopolymer 
(Day et al., 1994), hydrophobic adsorption becomes the more important if HS have 
relatively high MW. Furthermore, Vermeer and Koopal (1998) reported that bigger HA 
molecules displace the faster sorbing smaller FA in a slow HS sorption process by 
hematite. Due to a hydrophobic character of siloxane surfaces of aluminosilicate mineral 
(Jaynes and Boyd, 1991), the sorption of hydrophobic aliphatic fractions takes place by 
hydrophobic interaction on the siloxane surfaces on kaolinite and montmorillonite (Laird 
and Fleming, 1999; Namjesnik-Dejanovic et al., 2000; Sheng et al., 2001). Wang et al. 
(1997) found that SOM with relatively high content of hydrophobic and carboxylic 
functional groups was preferentially adsorbed by iron oxides. They suggested that the 
surface complexation-ligand exchange mechanism, coupled with hydrophobic effects, 
can control the sorption of the organic matter by clay mineral. Gu et al. (1994) 
demonstrated that on a carbon-weight basis, larger size hydrophobic fractions prefer to 
adsorb over smaller size hydrophilic fractions by oxide minerals. 
The sorption of HA onto clay mineral leads to the fractionation of a source HA. 
Fractionation behavior is dependent on physicochemical properties of a source HA and 
mineral surface properties. Previous research explained fractionation behavior of HA 
upon sorption on clay mineral surfaces (Wang and Xing, 2005), which revealed that 
aliphatic fractions were preferentially sorbed on kaolinite and montmorillonite surfaces. 
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Specht et al. (2000) observed preferential sorption of high MW fraction on clay minerals. 
HA fractions with MW more than 100 kDa are mostly aliphatic in nature, while fractions 
smaller than 30 kDa are aromatic (Khalaf et al., 2003). Therefore, it is presumed that 
aliphatic fractions were preferentially sorbed to the clay minerals. 
Considering the mineral surface properties, some fractions of HA molecules 
preferentially sequestered on the mineral matrix in lieu of others. Sorption of recalcitrant 
fractions of OM on clay minerals may play a dominant role in term of selective 
preservation of OM. Several studies showed the influence of clay mineral matrix in 
protection of SOM. Haider (1992) reported that OM must be desorbed from the clay 
mineral matrix to undergo microbial decomposition. Jones and Edwards (1998) also 
demonstrated that microbial utilization of the labile organic molecules, citrate and 
glucose, decreased as they sorbed to clay minerals. The importance of clay in retaining 
SOM is enormous. Laird (2001) observed that smectite-dominated clay favored greater 
SOM storage compared to kaolinite- and chlorite-dominated clay minerals. Sagger et al. 
(1996) demonstrated that smectite-dominated clay not only protects the SOM inside the 
clay crystals, but also increases the SOM residence time. However, Wattle-Koekkoek et 
al. (2001) found that association of organic carbon is independent of mineralogy with the 
exception that kaolinite-associated SOM is rich in carbohydrate fractions. The studies 
mentioned above showed some ambiguity regarding clay mineral specificity in retention 
of SOM. This could be due to the heterogeneous nature of the SOM. Therefore, our work 
will be focusing on characterization of specific functional groups of SOM attached to 
clay mineral surfaces with varying surface properties by employing various analytical 
instruments. FTIR spectroscopy is an essential tool in characterizing the functional 
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moieties associated with solid particles (Duckworth and Martin, 2001). Solid state NMR 
with magic angle spinning (NMR-MAS) is used to elucidate the structural composition of 
aluminosilicate-adsorbate complexes (Bodor et al., 2002). High-pressure size exclusion 
chromatography (HPSEC) is a powerful technique for determining MW distributions of 
adsorbed SOM after adsorption onto clay mineral. 
1.4. Adsorption of small organic acids by clay minerals 
SOM is believed to be composed of polyelectrolytes with diverse functional groups 
that may affect SOM adsorption onto clay minerals. Carboxylic acid and/or hydroxyl 
groups of HS are highly associated with HS sorption by clay minerals. Gu et al. (1994) 
found that both carboxylic and hydroxylic acid groups were involved in HA adsorption 
by hematite. Their work also revealed that the competitive adsorption between different 
organic materials on hematite was highly related to both their carboxyl functional groups 
and their molecular structures. Wershaw et al. (1996) investigated the adsorption of 
hydrophobic and hydrophilic fractions of organic acids from compost leachate on 
alumina and demonstrated that hydrophilic fractions are bound by a bidentate mechanism 
in which the two oxygen atoms of carboxylate are bound to separate Al ions. 
Simple organic acids like fatty acids or dicarboxylic acids are alternative chemicals 
used for understanding HS sorption by clay minerals. These simple organic acids 
contribute to the composition of HS (Almendros and Sanz, 1992; Chefetz et al., 2002; 
Kumke et al., 2001). Specht and Frimmel (2001) performed attenuated total reflectance 
Fourier-transform infrared (ATR-FTIR) spectroscopy on the adsorption of dicarboxylic 
acids onto kaolinite. Their results suggested the presence of inner-sphere complexes in 
which either one or both oxygen atoms of the carboxylic group are bound to kaolinite 
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surfaces. Surface complexation of a dicarboxylic acid, such as azelaic acid, in aqueous 
solution starts with mainly outer-sphere coordination, driven by electrostatic forces, 
which is transformed to an inner-sphere complex over time, forming a covalent bond 
between the carboxylate and the kaolinite surfaces, especially at low pH. Nordin et al. 
(1997) demonstrated that in the adsorption of o-phthalate on boehmite (/'-AlOOH), two 
complexes are present at the surfaces. One is an outer-sphere complex, and another is an 
inner-sphere complex with a chelating bidentate structure. The relative concentration of 
these complexes varied with ionic strength and pH. Kubicki et al. (1997) illustrated that 
Al-O-C linkages, whose interactions are stronger than the H-bonding or Van der Waals 
forces, form between salicylate anions and the Al3+ octahedra at illite edges. They also 
suggested that a monodentate complex involving just one oxygen atom of carboxylate is 
most probable under neutral condition whereas a bidentate complex involving two 
oxygen atoms of carboxylate and two vicinal Al?+ octahedra is likely to dominate at low 
pH. 
Smectite clays adsorb neutral organic molecules by hydrophobic interactions. Laird 
and Flemming (1999) suggested a hydrophobic interaction between the butyl group of 
butyl pyridine and the siloxane surface of smectite. Earlier work by Jaynes and Boyd 
(1991) indicated that the siloxane surfaces of smectite possessed a hydrophobic character 
consistent with the results of Laird and Flemming (1999). In addition, hydrophobic 
interactions may occur in polymer sorption onto clay minerals. In a sorption study of 
hydrophobically modified polyacrylamide by K-montmorillonite (Argillier et al., 1996), 
hydrophobic moieties play an important role in the sorption process. Furthermore, the 
sorption isotherms of the modified polyacrylamide showed an unusual shape that was 
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characterized by the absence of a plateau region, and a continuous sorption increase with 
increasing polymer concentration in bulk solution (Argillier et al., 1996; Volpert et ah, 
1998). 
In previous studies of organic chemical sorption on clay minerals (Specht and 
Frimmel, 2001; Angove et ah, 2002), various binding mechanism, such as outer-sphere, 
imier-sphere, mono-, bi-, or polydentate complexation, have been suggested. However, 
direct or clear evidence with molecular level is still needed. As previously mentioned, 
NMR and FTIR have been proven useful in studying organic matter adsorption by 
mineral surfaces. These spectroscopic methods can provide direct molecular level 
information (Bertsch et ah, 1986; Howe et ah, 1997; Nomiya et ah, 2004; Kirwan et ah, 
2003). Thus NMR and FTIR will be very helpful in identifying and characterizing the 
complex formation by organic carboxylic acids or polymers with minerals. 
1.5. Objectives 
Structures and chemical compositions of individual HA fractions are variable with 
extraction methods, solutions, and numbers of extraction (Piccolo, 1988; Schnitzer, 1982; 
Stevenson, 1994) due to the complexity and heterogeneity of SOM. Therefore, it is 
important to characterize individual HA fractions sequentially extracted from a soil, 
sediment, compost, or peat rather than a combined, mixed HA. Sorption studies using a 
single-time extracted HA or a pooled, mixed HA from several extractions may not 
provide detailed sorption information for a given soil. Thus, the objective of chapter 2 
was to examine sorption of phenanthrene, a model HOC compound, to individual HA 
fractions and humins extracted progressively from a single soil and to relate structural or 
compositional variations of these humic substances to sorption of phenanthrene. 
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The environmental fate of organic contaminants can be significantly regulated by 
humin. This is predominantly a product of the chemical composition and physical 
configuration of HS in humin. It is critical to determine the formation mechanisms of 
humin in order to understand the mobility and bioavailability of HOCs in environment. 
Therefore, the objectives of chapter 3 and 4 are to investigate the fractionation behavior 
of HA on kaolinite, montmorillonite, and goethite upon sequential sorption and to 
examine HA sorption mechanisms with mineral surface properties. 
Due to the heterogeneous and complex characters of HS in humin, many limitations 
exist in the study of humin characteristics and behaviors in soils and sediments. Therefore, 
to obtain information on the nature of the interactions between NOM and clay mineral 
surfaces, the interaction of a series of carboxylic acids as analogues of NOM with two 
types of mineral/water or mineral/air interfaces is investigated in chapter 5. The series of 
dicarboxylic acids (carbon number < 9) used in this study are low molecular weight 
organic compounds that are abundant in nature due to secretion by plant roots, bacteria, 
and fungi in the rhizosphere. Two different types of clay minerals were used as the model 
adsorbents: kaolinite and montmorillonite. In addition, the change of coordination of 
NOM or small organic acids on the clay minerals upon hydration or dehydration is 
examined. 
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CHAPTER 2 
PHENANTHRENE SORPTION TO SEQUENTIALLY EXTRACTED 
SOIL HUMIC ACID AND HUMINS 
2.1. Abstract 
Humic substances strongly influence the environmental fate of hydrophobic organic 
chemicals in soils and sediment. In this study, the sorption of phenanthrene by humic 
acids (HAs) and humins was examined. HAs were obtained by progressively extracting a 
soil, eight times with 0.1 M Na4P2C>7 and two times with 0.1 M NaOH solution, and then 
the residue was separated into two humin fractions by their organic carbon contents. The 
chemical and structural heterogeneity of the HAs and humins were characterized by 
elemental analysis, ultraviolet visible spectroscopy, diffuse reflectance infrared Fourier 
transform spectroscopy, and solid-state C NMR. There were significant chemical and 
structural differences among the HA fractions and humins; the later extracted HAs had 
relatively high aliphatic carbons content. All sorption data were fitted to a Freundlich 
equation, S= KFCwhere S and C are the sorbed and solution-phase concentrations, 
respectively, and KF and N are constants. All of the phenanthrene sorptions were 
nonlinear and the nonlinearity decreased with further extractions, from 0.90 (1st extracted 
HA) to 0.96 (9th HA) and was the lowest (0.88) for the higher organic carbon content 
humin (HuH). Phenanthrene sorption coefficient by HAs significantly increased with 
progressive extractions, being the highest for the humins. For HAs isotherms, a positive 
trend was observed between the sorption coefficient and the aliphaticity, but a negative 
relation was shown between the nonlinearity and the aliphaticity, and between the 
sorption capacity and polarity of HAs. Phenanthrene sorption was greatly affected by 
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chemical structure and composition of humic substances, even from a single soil. In 
addition, polarity of humic substances seems to mainly regulate the magnitude of 
phenanthrene sorption rather than structure. 
2.2 Introduction 
Soil organic matter (SOM) has diverse chemical compositions, structures, and 
conformations, which depend on the origin and age of its source materials (Leinweber et 
al., 1996; Skjemstad et al., 1986). SOM plays important roles in environmental processes 
governing the fate and transport of organic and inorganic contaminants in soil 
environments, which is significantly affected by the chemical structure of SOM. Several 
studies suggested that sorbent characteristics can be significantly correlated to and 
account for the differences in sorptive behavior of hydrophobic organic chemicals 
(HOCs). For instance, sorption of HOCs was reported to be inversely proportional to the 
polarity of SOM (Chiou et al., 2000; Grathwohl, 1990; Xing, 1997). Grathwohl (1990) 
reported that sorption of chloroaliphatic chemicals decreased with increasing proportions 
of oxygen-containing functional groups in SOM. The organic carbon-normalized sorption 
coefficient (Koc) of naphthalene was inversely proportional to the polarity ((O + N)/C) of 
SOM from different soils and sediments (Xing, 1997). This study indicated that relatively 
weathered SOM in shale had higher affinity for HOCs than young, surface SOM. 
Using l3C NMR for characterization of SOM, several studies reported that the Koc 
for HOCs was linearly or exponentially proportional to the aromatic carbon contents of 
humic acids (HAs) from soils and sediments (Ahmad et al., 2001; Chen et al., 1996; Chin 
et al., 1997; Perminova et al., 1999). In a study of HOCs sorption by six HAs collected at 
different depths of a single soil profile, the aromaticity of these HAs increased with soil 
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depth, and isotherm nonlinearity increased with the increasing aromaticity of the HAs 
(Xing, 2001). Furthermore, an old, aromatic-rich organic matter, such as that found in 
shale or coal, yielded higher Koc values than younger organic matter which is normally 
found in surface soils (Grathwohl, 1990). 
Recent investigations, however, revealed that aliphatic-rich SOM also exhibited 
high sorption capacities (Chefetz et al., 2000; Mao et al., 2002; Simpson et al., 2003), 
which contradicts the main stream belief that sorption coefficient is highly correlated 
with aromatic carbon content. The aliphatic materials, such as suberan or cutan, can be 
preserved through humification processes (Almendros et al., 1998; Augris et al., 1998; 
Nierop, 1998). With pyrene sorption to natural organic matter varying in chemical 
composition (e.g., high aliphaticity or aromaticity), Chefetz et al. (2000) observed a 
positive relationship between the Koc and the aliphaticity of sorbents. Moreover, a 
comparison between phenanthrene Koc values and paraffinic carbon content of various 
SOM revealed a positive trend between these two variables in general (Salloum et al., 
2002). The conclusion reached by these studies was that aliphatic components in SOM 
contribute substantially to HOCs sorption. 
For sorption of HOCs by SOM, until now, most researchers used single time 
extracted SOM or mixed SOM, which combined individual SOM fractions extracted 
repeatedly from a soil or sediment. Recently, our results (Kang et al., 2003) showed that 
the structures and chemical compositions of several HA fractions and a humin, 
sequentially extracted from a soil, were significantly different. This study supports the 
heterogeneous nature of humic substances, and chemical and structural difference of 
individual HAs. Therefore, sorption studies using a single-time extracted HA or a pooled. 
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mixed HA from several extractions may not provide detailed sorption information for a 
given soil. Thus, the objectives of this study were 1) to investigate variations in structure 
and composition of individual HA fractions and humins extracted progressively with 
conventional alkali solution from a single soil in Massachusetts; 2) to examine sorption 
of phenanthrene, a model HOC compound, to these humic substances; 3) to relate 
structural or compositional variations of these humic substances to sorption of 
phenanthrene. 
2.3. Materials and Methods 
2.3.1. Separation of HAs and humins 
A soil sample was collected from a south facing slope in Ox hill (ca. 280 m above 
sea level) that is one of three steep ridges on the east side of Mount Toby located in the 
Connecticut River valley, western Massachusetts (42°30’ N, 72°31’ W). The soil is 
classified as a mesic Lithic Dystrudept. HAs were progressively extracted eight times 
with 0.1 M Na4?207 and then two times with 0.1 M NaOH, using the procedures outlined 
by Swift (1996) with slight modification. Briefly, HAs extraction involved mixing 80 g 
of soil (air-dried and passed through a 2-mm sieve) with 800 mL of 0.1 M Na4P2C>7 in a 
1000 mL bottle. The air in the bottle was replaced with N2 gas and the mixture was 
shaken for 24 h at room temperature. After mixing, the suspension was centrifuged at 
3000 g for 15 min and the supernatant was collected for acidification (pH = 1.5 with 6 M 
HC1) to obtain the first HA fraction (F-l). Then, the precipitate was sequentially 
extracted seven times with 0.1 M Na4P2C>7 and two times with 0.1 M NaOH. For each 
extraction, the supernatant after centrifugation was acidified and precipitated as above to 
collect HAs. Each precipitated HA was centrifuged at 5000 g for 30 minutes, redissolved 
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in 0.1 M Na4P207 or 0.1 M NaOH, acidified, and centrifuged. Then, the precipitated HA 
was de-ashed with 0.1 M HC1/0.3 M HF solution, washed with deionized water, freeze- 
dried, gently ground to pass through a 100-pm sieve, and stored for subsequent use. After 
ten times of HA extractions (i.e., after the second NaOH extraction), the precipitated 
residue in a centrifuge bottle showed two different color layers: dark-brown on top and 
light-brown at bottom. The two layers were carefully separated and used as humin 
fractions. The top dark-brown layer contained more organic carbon as indicated by its 
dark color, probably due to clay-humic complex. The bottom layer was more sandy in 
texture because large particles would have settled down first. The separated humins, with 
high organic carbon content (HuH) and low organic carbon content (HuL), were treated 
three times with HC1/HF solution (1.6 M HC1 and 2.88 M HF), rinsed five times with 
deionized water, centrifuged, freeze-dried, gently ground to pass through a 100-pm sieve, 
and stored until use for characterization and sorption experiment. 
2.3.2. Characterization of the HAs and humins 
The C, H, and N contents of the HAs and humins were determined using a Perkin- 
Elmer 2400 CHN Elemental Analyzer (Sheton, CT). Oxygen content was calculated by 
the mass difference. Ash content was measured by heating the samples at 800°C for 4 
hours. The ratios of absorbance of HAs at 465 and 665 nm (E4/E6 ratios) were 
determined from aqueous solutions at pH 8 containing 0.05 % (w/v) of the HAs with an 
Agilent 8453 UV-visible spectrometer. The pH was adjusted with dilute NaOH and HC1 
solution. Diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) was 
performed using a Midac series M 2010 infrared spectrophotometer (Irvine, CA) with a 
DRIFTS accessory (Spectros Instruments, Whitinsville, MA). The sample concentration 
22 
for DRIFTS determination was 5% in KBr, then ground with an agate mortar and pestle. 
The milled sample was immediately transferred to a sample holder and its surface was 
smoothed with a glass microscope slide. Before analysis, the diffuse-reflectance cell 
containing the samples was Bushed with dry N2 gas to eliminate interference from CCF 
and moisture. To obtain DRIFTS spectra, 100 scans were collected at a resolution of 16 
cm 1 and the spectra with numerical value for major peak wave-numbers and intensities 
were recorded. The blank consisted of the powdered KBr stored under the same 
environmental conditions as the sample-KBr mixtures. All absorption spectra were 
converted to Kubelka-Munk function using the Grams/32 software package (Galactic 
Corporation, Salem, NH). Solid-State Cross-Polarization Magic-Angle-Spinning and 
Total-Sideband-Suppression (CPMAS-TOSS) l3C-NMR spectra were obtained with a 
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Bruker DSX-300 spectrometer (Karlsruhe, Germany) operated at the C frequency of 75 
MHz. The instrument was run under the following conditions: contact time, 1 ms; 
spinning speed, 5 kHz; 90° 1H pulse, 5 ps; acquisition delay, 4 s; and the number of 
scans, from 5000 to 10000 (Mao et al., 2002). Within the 0-220 ppm chemical shift range, 
C atoms were assigned to alkyl C (0-50 ppm), O-alkyl C (50-108 ppm), aromatic C (108- 
168 ppm), carboxyl C (168-192 ppm), and carbonyl C (192-220 ppm) (Kang et al., 2003). 
2.3.3. Sorption isotherms 
[Ring-UL-,4C] and unlabeled phenanthrene were purchased from Sigma-Aldrich 
Chemical Company. These compounds were used without further purification. 
Phenanthrene is a common organic contaminant in soil and sediment, and has often been 
used in environmental research. All sorption isotherms were obtained using a batch 
equilibration technique (Gunasekara et al., 2003) at room temperature in 8-mL screw cap 
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vials with aluminum foil cap liners. Background solution was 0.01 M CaCf in deionized 
distilled water with 200 mg/L NaN3 as a biocide. Phenanthrene concentrations ranged 
from 0.006 to 0.8 mg/L. Due to the low water solubility (1.15 mg/L), phenanthrene was 
mixed at high concentrations in MeOH before being added to background solution. 
MeOH concentrations were always less than 0.1 % of the total solution volume to avoid 
any cosolvent effect. To prevent any potential dissolution of HAs in solution, the 0.01 M 
CaCL solution was adjusted to pH 4.0 for all sorption experiments (Xing et al., 1994). 
Preliminary experiments with UV-Vis spectroscopy showed little difference (if any) 
between 0.01 M CaCl2-NaN3 solution and the same solution mixed with HAs or humins 
after 7-day equilibration and centrifugation, due to the effective flocculation by the CaCf 
and low pH. The solution/solid (volume/weight) ratio was 60/1 for HAs and 100/1 for 
humins. These ratios were chosen to ensure that the final phenanthrene solution 
concentration remained in the range of 30 to 70% of the starting concentration. Isotherms 
consisted of 10 concentration points; each point, including the blank, was run in duplicate. 
The vials were sealed with aluminum foil lined Teflon screw caps and then placed on a 
shaker (150 rpm) for 7 days at room temperature (preliminary tests indicated that 
apparent equilibrium was reached before 5 days). The vials were then centrifuged at 3000 
x g for 20 min, followed by removal of 1 mL of supernatant, which was added to 
Scintiverse cocktail (10 mL), purchased from Fisher Scientific (Pittsburgh, PA), for 
scintillation counting (Bechman [Fullerton, CA] LS 6500). Because of little sorption by 
vials and no biodegradation, phenanthrene sorbed by the sorbents was calculated by mass 
difference. The other experimental details were reported elsewhere (Xing and Pignatello, 
1997). 
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All sorption data were fitted to the logarithmic form of the Freundlich equation: 
logS = logKf + N logCc 
where S is the solid-phase concentration (pg/g) and Ce is the liquid-phase 
equilibrium concentration (pg/mL). The parameters, AV for sorption capacity coefficient 
[(pg/g)/(pg/mL)A] and N (dimensionless) indicating isotherm nonlinearity, were 
determined by linear regression of log-transformed data. Linear fitting of log-transformed 
data was justified over direct nonlinear curve fitting in this paper. 
2.4. Results and Discussion 
2.4.1. Characterization of HAs and Humins 
Elemental compositions of 10 HA fractions and two humins sequentially extracted 
from a soil are given in Table 2.1, in which F stands for “fraction of HA” and the 
numbers after F indicate the extraction sequence. Organic carbon contents increased from 
53% of F-l to 59% of F-10, and both humin fractions, high organic carbon (HuH) and 
low organic carbon (HuL), had 60% organic carbon. Ash contents were very low for the 
HAs, but the humins had over 60% ash. Overall, H and C contents of the HAs increased 
with increasing number of extractions, but O content decreased. The C/H ratio decreased 
gradually from 1.0 for F-l to 0.7 for F-10 and C/O ratio increased from 1.8 for F-l to 2.4 
for F-10. Thus, the polarity, defined as atomic ratio of (N + 0)/C (Xing et al., 1994), was 
the highest with F-l and slowly decreased with further extractions from 0.60 (F-l) to 0.44 
(F-10). HuL showed the lowest C/H ratio (0.63) and polarity (0.40). These elemental 
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composition data indicate that the later extracted HAs and humins are more aliphatic and 
less polar, which is in agreement with the following spectroscopic data. 
As shown in Table 2.1, E4/E6 ratios for the HAs gradually decreased with increasing 
extractions. Chen et al. (1997) reported a negative correlation between E4/E6 and reduced 
viscosity (molecular size or weight) or C content, and a positive correlation between 
E4/E6 and total acidity or O content. Thus, the later extracted HA fractions may have 
relatively high molecular weight and high C/O ratios. These E4/E6 data provided further 
evidence of the heterogeneity of HAs progressively extracted from a single soil, 
consistent with the elemental composition. 
The DRIFTS spectra of 10 HAs and two humins are presented in Figure 2.1, and the 
differences in the relative intensity of some specific absorption bands were observed 
among the HAs and humins. The 3050 cm 1 band is characteristic of the aromatic C-H 
group. Peaks at 2930 cm 1 and 2850 cm"1 are ascribed to aliphatic CH2 asymmetric and 
symmetric stretching, respectively. The later extracted HAs and humins showed 
relatively high intensities and better resolution for these peaks, indicating a gradual 
increase of aliphatic carbon with further extractions. The sharp and strong band at 1720 
cm 1 is due to C=0 stretching, mainly of COOH (Baes and Bloom, 1989). The intensity 
of this peak was the highest for F-l and declined with increasing extractions, which is in 
line with NMR and elemental analyses. These data imply that the earlier extracted HAs 
had high polarity, compared to the later extracted ones. The band between 1610 and 1620 
cm 1 can be assigned to aromatic C=C stretching and/or asymmetric stretching of ionized 
carboxyl groups and the peak at ~ 1530 cm'1 corresponds to the ring vibrating modes of 
ortho-substituted aromatic compounds (Bellamy, 1975; Niemeyer et al., 1992). The 
26 
intensity of peaks around 600 cm 1 associated with unknown mineral compounds (e.g., 
silicate or oxides) was the highest for the humins due to their high ash content. 
Peak height ratios of DRIFTS spectra have been used to interpret DRIFTS spectra 
(Kang et al., 2003; Wander and Traina, 1996). Figure 2.2 shows the ratios of the sum of 
aliphatic carbons peak heights (2930, 2850, 1450, 1150, and 1074 cm1) to the sum of 
peak heights for aromatic carbons (3050, 1610, and 1530 cm"1). With these ratios, we can 
estimate the relative structural change of the HAs and humins with increasing extractions. 
The ratio increased from 1.68 for F-l to 1.89 for F-10, and both humin fractions had the 
same value as 1.97, indicative of decreasing aromaticity. These data agree well with the 
elemental and NMR integration data. 
The results of NMR analysis for four representative HAs and two humins are 
presented in Figure 2.3 and Table 2.2. The total aliphatic C region (0 ~ 108 ppm) 
increased from 48 % for F-l to 68 % for the HuH. Aromatic (108 ~ 145 ppm) and 
phenolic groups (145 ~ 162 ppm) decreased with further extractions. Aliphaticity 
increased from 1.42 for F-l to 3.18 for F-9 and 3.01 for the HuH (Table 2.2), consistent 
with the reduction of C/H ratio with continuous extractions. In the paraffinic carbons 
region (0 ~ 50 ppm), the intensities of the peaks increased with progressive extractions. 
Two sharp peaks that are assigned to amorphous aliphatic carbons (30 ppm) and 
crystalline aliphatic carbons (33 ppm) were observed in the HAs and humins and clearly 
separated with further extractions. These aliphatic components may derive from aliphatic 
biopolymers such as cutin or suberin (Kolattukudy, 1980; Round et al., 2000), which can 
be selectively enriched during decomposition due to their resistance to microbial and 
chemical degradations. Because of hydrophobic and resistant characteristics of these 
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paraffinic carbons, they are less soluble in aqueous solutions, which may help to partially 
explain that the later extracted HA and humins had relatively high contents of aliphatic 
carbons (Tables 2.1 and 2.2, Figure 2.3). In a study of HA adsorption by montmorillonite 
and kaolinite, Wang and Xing (2005) recently observed that aliphatic fractions were 
preferentially adsorbed by these clay minerals while aromatic fractions were left in the 
solution. Therefore aliphatic carbons in soil humins, especially paraffinic carbons, may 
be a major fraction and contain less polar functional groups, such as COOH, compared 
with aromatic carbons. 
2.4.2. Sorption Isotherms 
Sorption of phenanthrene fits well to the Freundlich equation and the isotherm 
parameters are presented in Table 2.3. Representative phenanthrene isotherms are shown 
as examples in Figure 2.4. Organic carbon normalized sorption coefficient (KfOC) 
ranged from 8400 for F-l to 64000 for HuL. However precise comparison cannot be 
made between KpOC values because of their different units (Table 2.3) as a result of 
nonlinearity (Chen et al., 1999). Therefore the concentration-dependent organic carbon 
normalized sorption coefficients (Koc) at three selected concentration (Ce = 0.005, 0.05, 
and 0.5 pg/mL) were employed to compare the sorption capacity of the HAs and humins 
in this study. Phenanthrene sorption (Koc) increased with the course of HA extraction and 
was the highest in HuL (Table 2.3). It is controversial whether aromatic or aliphatic 
groups are dominantly responsible for sorption of HOCs. For example, old and relatively 
high aromatic organic matter found in shale or coal has higher Koc values than younger 
organic matter obtained from a surface soil (Grathwohl, 1990; Chen et al., 1996). In 
contrast, a positive trend in our current study between aliphaticity and logKoc values for 
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phenanthrene supports the importance of aliphatic moieties (Figure 2.5). This observation 
agrees well with the results on pyrene sorption by several organic sorbents (Chefetz et al., 
2000). Furthermore, a high sorption affinity of HOCs has been reported for highly 
aliphatic cuticle fraction of pepper (Rutherford et al., 1992). Recently, phenanthrene 
sorption to HAs was correlated to polymethylene-rich domains in SOM (Mao et al., 
2002), and a comparison of phenanthrene Koc values and paraffinic carbon content 
revealed a positive correlation (Salloum et al., 2002), which indicates that amorphous 
polymethylene carbon could be an important contributor to HOCs sorption. 
In addition to aliphatic carbons, the polarity ((N+0)/C) of SOM can significantly 
affect sorption capacity of HOCs (Chen et al., 1996; Xing et al., 1994). In our current 
study, the later extracted HAs and humin fractions with relatively low polarity showed 
the higher soiption capacity than the early extracted HAs with high polarity (Figure 2.6). 
Though the number of data points was limited, there was a negative relationship between 
the polarity and log/foc, even within the humin fractions. The effect of SOM polarity on 
sorption of organic compounds is consistent with the well-known theory of solvent 
polarity on solute solubility. Chen et al. (1996) reported that the Koc of a-Naphthol had a 
negative relationship with the polarity of organic substances from soils and sediments. In 
studying the influence of SOM composition on the partitioning of benzene and carbon 
tetrachloride, Rutherford et al. (1992) also demonstrated that Koc values for both 
chemicals increased with decreasing polar content of organic sorbents. Recently, Wang 
and Xing (2005) demonstrated that adsorbed HAs onto montmorillonite and kaolinite 
were more hydrophobic and less polar, which favored phenanthrene sorption, as a result, 
higher sorption was observed for adsorbed HAs than for the source HA. Therefore, with 
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the previous results in the literature and our present data, we conclude that the polarity is 
one of the most important compositional parameters of SOM governing HOCs sorption. 
The sorption isotherms of phenanthrene were nonlinear for all the HA fractions and 
humins. For HA fractions, A increased in the order of F-l (0.90) < F-4 (0.92) < F-7 (0.96) 
~ F-9 (0.96), indicating that the isotherm linearity of HAs increased with aliphaticity, 
which is in good agreement with previous results (Salloum et al., 2002; Xing, 2001). 
Nonlinear isotherms were also confirmed with changes in the concentration-dependent 
sorption coefficient, higher Koc values at low concentrations (Table 2.3). To explain the 
nonlinearity of SOM, dual-mode sorption (DMSM) or dual-reactive domain models 
(DRDM) were suggested. According to these models, SOM was considered to be a 
heterogeneous substance, which consists of two types of amorphous domains. The 
domains are characterized as expanded and condensed, analogous to rubbery and glassy 
synthetic polymers, respectively. Sorption of HOCs to the expanded “rubbery-like” 
domain generates linear isotherms due to partitioning while nonlinear isotherms are 
observed for the condensed “glassy-like” domain due to adsorption in Langmuir-type 
sorption sites. Recent sorption and spectroscopic studies have shown that the condensed 
(or glassy) domain is mainly attributed to aromatic moieties, producing isotherm 
nonlinearity. Meanwhile, Salloum et al. (2002) showed that sorption linearity was 
improved due to enhanced access to mobile (or rubbery) polymethylenic domains after 
the aromaticity of HA had been reduced by chemical oxidation with sodium hypochlorite. 
In our current study, the expanded (rubbery) domain of HAs may increase with further 
extraction. 
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Weber et al. (1992) suggested that N value can be taken as an index of site energy 
distribution, i.e. the smaller the N, the more heterogeneous the sorption sites. Therefore 
the early extracted HA fractions with small N values may have a more heterogeneous 
structure or composition than the later ones with high N values. As a chemical mixture 
can be separated into each individual component or be purified to a relatively 
homogeneous mixture by solvent extraction, HA after several times of extraction may 
have a more homogeneous chemical composition. Consequently, the later extracted HAs 
with relatively homogeneous, mobile aliphatic carbons, especially paraffinic carbons, 
showed more linear isotherms than the early extracted ones. 
The two humin fractions in this study exhibited the highest nonlinearity compared 
with the HAs (Table 2.3), consistent with the previous results (Gunasekara and Xing, 
2002; Xing, 2001). Chefetz et al. (2000) also reported that an aliphatic-rich humin 
exhibited highly nonlinear isotherms (N = 0.61) for pyrene sorption. Mao et al. (2002) 
found that a Florida humin with the relatively high content of aliphatic poly (methylene) 
components had a strongly nonlinear isotherm (N = 0.69). In addition, Xing (2001) 
observed an increasing nonlinearity trend after studying naphthalene and 1,2- 
dichlorobenzene sorption to Florida Pahokee peat and its organic fraction: peat HA < peat 
< peat humin. This order of nonlinearity was explained with the degree of condensed 
structures or glassy character expected from organic matter extraction procedures 
(Cuypers, 2002). With a study of sorption and desorption for naphthalene by SOM, 
Gunasekara and Xing (2003) suggested that interaction of SOM with soil mineral 
surfaces may render the structural configuration of SOM to a more condensed state, 
which could result in highly nonlinear isotherms for an aliphatic-rich humin. Interestingly, 
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a complex of petroleum residues with SOM showed high water repellency resulting from 
a rearrangement of a critical fraction of SOM not petroleum residues (Litvina et al., 2003). 
The conformation change of SOM may be caused by COOH groups, being oriented in an 
inaccessible order in a complex with oxidized petroleum residues and/or other H-bond 
acceptors (carbohydrates) contained within SOM (Litvina et ah, 2003; Todoruk et ah, 
2003). The results of this study have several environmental implications. It supports the 
heterogeneous nature of SOM, even when extracted from a single soil sample. The 
aliphaticity of HAs increased with further extractions, which is important considering the 
role of aliphatic structures in the sorption of HOCs. Furthermore, the humin fractions 
with the highest aliphatic C contents and the lowest polarity showed the highest sorption 
capacity and nonlinearity as compared with the HAs. High sorption of HOCs by aliphatic 
materials contradicts with the positive correlations reported for logXoc vs aromaticity 
(Chen et al., 1996; Perminova et al., 1999; Xing, 2001). However, this contradiction may 
be explained by the polarity difference of SOM. According to the literature data, 
diagenetically (or thermally) altered aromatic-rich SOM, having relatively high sorption 
capacity (Xoc), is often associated with low polar functional group content or low polarity 
(Grathwohl, 1990; Xing, 1997; Johnson et al., 2001). Similarly, in our current study the 
aliphatic-rich SOM was much less polar, but had relatively high Koc. Therefore, the 
polarity of SOM is likely one of the parameters most controlling sorption of HOCs. 
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Table 2.1. Elemental compositions, atomic ratios, ash contents, and E4/E6 ratios of the 
humic acids and humins. 
Sample Ca (%) FIa (%) Na (%) Ash (%) C/H C/O (N+0)/C E4/E( 
F-lb 53.1 4.5 2.8 1.2 0.99 1.78 0.60 8.43 
F-2 53.4 4.9 2.7 1.1 0.92 1.82 0.59 7.56 
F-3 54.0 5.3 2.8 1.5 0.85 1.90 0.57 7.51 
F-4 54.8 5.3 2.7 1.3 0.87 1.96 0.55 6.18 
F-5 55.0 5.8 2.0 1.5 0.79 1.97 0.54 5.99 
F-6 55.6 5.8 2.3 1.2 0.80 2.04 0.53 5.81 
F-7 55.7 5.7 2.2 1.1 0.82 2.04 0.52 5.20 
F-8 57.0 6.1 2.1 1.1 0.78 2.19 0.49 4.90 
F-9 57.7 6.2 2.3 1.6 0.78 2.28 0.47 4.31 
F-10 59.0 6.9 1.5 1.5 0.71 2.41 0.44 3.34 
HuH 59.5 7.3 1.4 60.1 0.68 2.49 0.42 NA 
HuL 60.2 8.0 1.8 90.2 0.63 2.67 0.40 NA 
“Values are on an ash-free basis 
C/H: Atomic ratio of carbon to hydrogen 
C/O: Atomic ratio of carbon to oxygen 
(N+0)/C: Atomic ratio of sum of nitrogen and oxygen to carbon 
bN umber is the sequence of extraction 
E4/E6 of humic acids is the ratio of the absorbance at 465 nm to that at 665 nm. 
NA: Not applicable 
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Figure 2.1. DRIFTS spectra of the ten humic acids and two humin. 
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Figure 2.2. Ratio of the sum of peak heights for aliphatic carbons to that of aromatic 
carbons as observed on DRIFTS spectra. The aliphatic carbons were selected at 2930, 
2850, 1450, 1150, and 1074 cm'1 and aromatic peaks at 3050, 1610, and 1525 cm'1. 
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Figure 2.3. Solid-state l3C NMR spectra for the four representative humic acids and the 
two humins. 
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Figure 2.4. Sorption isotherms of phenanthrene by F-l (O), F-4 (O), F-7 (□), F-9 (A), 
HuH(A), and HuL(V). 
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fractions. 
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CHAPTER 3 
CHARACTERIZATION OF SEQUENTIALLY ADSORBED HUMIC 
ACID ONTO KAOLINITE AND MONTMORILLONITE 
3.1. Abstract 
Adsorption of soil organic matter onto clay minerals modifies their surfaces and 
reactivity and strongly influences the fate of organic contaminants and other species in 
soils and sediments. We examined the structural and conformational changes of humic 
acid (HA) and clay-HA complexes after sequential adsorption by kaolinite and 
montmorillonite, using UV-Visible spectroscopy, high performance size exclusion 
chromatography (HPSEC), Fourier transform infrared (FT-IR) spectroscopy, and solid- 
state L'C nuclear magnetic resonance (NMR) spectroscopy. Paraffinic fractions sorbed 
preferentially on montmorillonite, but aromatic functional moieties likely remained in 
solution. These paraffinic fractions were also observed on kaolinite surface, however, the 
adsorbed proportion of these fractions was low in comparison to montmorillonite. 
Kaolinite had more adsorption sites for carboxylic and carbonyl rich fractions than 
montmorillonite because of its relatively high broken edge areas where electrostatic 
and/or ligand exchange occurs. With respect to MW fractionation after sorption, 
relatively small MW HA fractions (MWap ~ 3.6 kDa) might be intercalated into the 
interlayer of montmorillonite and high MW (MWAp ~ 43 kDa) HA fractions adsorbed on 
external surfaces. The higher MW HA fractions (MWAp ~ 4.8 and 49 kDa) than those 
adsorbed on montmorillonite are likely adsorbed on kaolinite surface due to their 
different surface characteristics. The binding mode of relatively small HA fractions on 
kaolinite and montmorillonite may be ligand exchange and/or electrostatic interaction on 
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edge surfaces, which may create hydrophobic sorption sites for high MW HA fractions 
(MWAp > 43 kDa). Overall, the fractionation and conformational changes of HA are 
highly dependent on the surface properties of clay minerals. These changes of adsorbed 
HA may affect the sorption behavior of contaminants. 
3.2. Introduction 
Sorption of soil organic matter (SOM) to clay minerals is of importance in a variety 
of natural environments. It can alter the physicochemical properties of clay minerals 
(Angove et al., 2002; Wang and Xing, 2005), including the rate and extent of dissolution 
(Johnson et al., 2004; Yoon et al., 2004) and transport and transformation for organic 
matter (Kaiser et al., 1997; McKnight et al., 1992). Natural organic coating provides 
electrostatic stabilization of particles, thus colloidal stability of mineral suspensions is 
significantly improved. SOM coating can be a possible mechanism for preservation of 
labile organic matter (Huygens et al., 2005; Jobbagy and Jackson, 2000). Therefore, it is 
important to understand sorption mechanisms of SOM by clay minerals. 
Clay lamellae have permanent negative charges due to isomorphic substitution. pH- 
dependent charges also form on surface hydroxyls (Al-OH, Si-OH) located at the broken 
edges and exposed hydroxyl-terminated planes of clay lamellae (Sposito, 1989; Tombacz 
and Szekeres, 2004; Tombacz and Szekeres, 2006). These charge heterogeneities govern 
the interaction of SOM in the environment. SOM has heterogeneous components with a 
wide range of molecular weight (MW) and various functionalities ranging from non-polar 
polymethylene chains to the highly polar carboxylic acid fraction. Adsorption of SOM 
onto clay minerals has been extensively investigated (Baham and Sposito, 1994; Davis, 
1982; Wang and Xing, 2005), and various modes of SOM sorption, such as electrostatic 
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interaction, ligand exchange-surface complexation, and entropy driven hydrophobic 
interaction, were suggested. In addition, preferential SOM adsorption based on MW has 
been studied using size-exclusion chromatography (SEC). For instance, Specht et al. 
(2000) reported preferential sorption of high MW hydrophobic fraction on kaolinite and 
montmorillonite surfaces. SOM fractions possessing high MW, acidity and aromaticity 
tend to preferentially adsorb (Kaiser and Zech, 1997; Ochs et al., 1994; Wang et al., 
1997) through a ligand exchange mechanism (Gu et al., 1995; Parfitt et al., 1977). 
However, SOM sorption on 2:1 layer-type aluminosilicate surfaces was thought to result 
from cation bridging and/or entropy-driven hydrophobic interactions (Baham and Sposito, 
1994; Varadachari et al., 1991). Wang and Xing (2005) observed that the aliphatic 
fraction of HA preferentially adsorbed onto montmorillonite and kaolinite while aromatic 
fractions remained in solution. Contrary to this observation, Namjestnik-Dejanovic et al. 
(2000) observed that aromatic fractions of fulvic acid preferentially adsorbed onto clay 
surfaces, and Balcke et al. (2002) suggested that the sorption affinity to clay surfaces was 
related directly with the aromaticity of SOM. 
The studies mentioned above infer fractionation of SOM during adsorption on clay 
mineral surfaces. Structural changes of organic matter before and after sorption are the 
salient feature of most studies. Despite recent efforts to better understand the 
phenomenon of SOM adsorption, complementary analysis of adsorbed as well as 
unadsorbed HA has not been reported extensively in the literatures. Many studies of SOM 
adsorption onto clay minerals have not fully examined or discussed the underlying 
mechanisms responsible for adsorption phenomena. Although theories from adsorption of 
well-defined polymers or small organic acids may be useful in helping to explain SOM 
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adsorption, SOM is undoubtedly more complicated than the model systems because of 
their inherent complexities (e.g., heterogeneous mixtures of components having different 
physicochemical compositions). Therefore, a molecular-level understanding of SOM 
sorption by clay minerals requires further studies with complementary analyses. The 
objectives of this paper were to investigate the fractionation behavior of HA on kaolinite 
and montmorillonite upon sequential sorption and to examine HA sorption mechanisms. 
In this study, sequential batch sorption experiments with a terrestrial HA were carried out. 
To investigate the fractionation and characterization of HAs, UV-Visible spectroscopy, 
high performance size exclusion chromatography (HPSEC), Fourier transform infrared 
13 
(FT-IR) spectroscopy, and solid-state C nuclear magnetic resonance (NMR) 
spectroscopy were employed. 
3.3. Materials and Methods 
3.3.1. Clay minerals and HA 
Kaolinite and montmorillonite represent a non-expanding 1:1 layered silicate 
mineral and an expanding 2:1 layered silicate mineral, respectively. They were purchased 
from Fluka. We used Na-saturated kaolinite and montmorillonite prepared by repeatedly 
saturating them with 0.5 M NaCl solutions, then washing with deionized water until 
chloride ions could not be detected using the AgNCE method (Wang and Xing, 2005). 
Finally the suspension was centrifuged, freeze-dried, ground, and stored for further 
experiments. N2 Brunauer-Emmett-Teller (BET) method with a Beckman Coulter 
(Foullerton, CA) SA3100 surface analyzer was used to measure the specific surface area 
of kaolinite (19 m2/g) and montmorillonite (298 m2/g) at 77 K. Soil HA, extracted from a 
soil of Mount Toby located in the Connecticut River valley in Massachusetts, was used 
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for preparation of clay-humic complexes. The HA preparation and chemical 
characteristics were described in previous research (Kang and Xing, 2005). 
3.3.2. HA sorption isotherms 
All sorption isotherms were obtained using a batch equilibration technique. 
Background solution was 0.01 M NaCl in deionized distilled water with 200 mg/L NaN3 
to reduce microbial activity. HA concentrations ranged from 10.0 to 100.0 mg/L. 
Isotherms consisted of eight concentrations. Each point including the blank solution was 
run in triplicate and carried out in borosilicate glass vials at room temperature. To 
equilibrate the clay suspension, 15 mL of the background solution were added into the 
vial containing 75 mg of the clay mineral and then the vial was rotated in an end-over 
shaker (150 rpm) for 24 h without any pH adjustment. After 24 h of equilibration, the 
suspension was centrifuged for 20 min at 7600 g and the supernatant was discarded. A 
volume of 15 mL of HA solution was then added to the centrifuged clay paste. The vials 
were sealed with aluminum foil lined Teflon screw caps and then placed on an end-over- 
end shaker (150 rpm) for 72 h at room temperature. The suspension pH was adjusted with 
a diluted NaOH or HC1 solution using an Accumet model 510 combination pH electrode 
and readjusted every 24 h. A preliminary study showed that continued mixing beyond 48 
h did not significantly affect HA sorption. After equilibration, the vials were removed 
from the shaker and centrifuged at 7600 g for 20 min. For the additional separation of 
fine particles from the supernatant, the supernatant was withdrawn with a plastic syringe 
and filtered with 0.2 pm polycarbonate membrane filter. The filtered supernatant was 
diluted with the background solution and then the concentration was measured with total 
dissolved organic carbon analysis (Shimadzu TOC-V/TN). A calibration curve between 
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the HA concentrations and the carbon content for adsorbate was obtained using a wide 
range of adsorbate concentrations. The amount of sorbed HA by the clay minerals was 
calculated by mass difference because of little sorption by vials and no biodegradation. 
The adsorption data were fit with both the Langmuir and Freundlich isotherm 
models using Sigma plot at p < 0.05. Langmuir equation is represented as x/m - , 
(1 + bCe) 
where x/m (mg C/g) is the amount of HA sorbed per unit mass of clay mineral, Ce (mg 
C/L) the equilibrium aqueous-phase solute concentration, Q(, (mg C/g) the maximal 
sorption capacity, and b a solute-surface interaction energy-related parameter. The 
Freundlich model is represented as x/m = KfCen, where x/m (mg C/kg) and Ce (mg C/L) are 
the same as described above, Kf (mg C{Un) Lnkg~^) is indicative of the sorbate-sorbent 
binding and n is an isotherm linearity parameter, indicative of site energy heterogeneity. 
The fit of Freundlich and Langmuir models was evaluated with an F-test to determine 
which model better described the data (Salloum et al., 2000). F-tests were used for 
determining any statistical significance of the differences in adsorption parameters (Qa 
and b) among the treatments. Statistical significance was evaluated at P < 0.01. For all 
isotherms, the F-test indicated that the data were best described by Langmuir model (data 
not shown). 
3.3.3. HA-clay complex preparation 
HA sorption to kaolinite and montmorillonite was conducted with short-term batch 
experiments. A known amount of HA was dissolved in a minimum volume of 0.5 M 
NaOH to prepare a 5 g/L solution with 200 ppm of sodium azide (NaN3) in 0.01 M NaCl 
after adjusting to pH 5 with 0.1 M NaOH and HC1, and then the HA solution was filtered 
with a membrane filter (0.45 pm pore size). Humic-clay complex was prepared at HA to 
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clay ratio of 1:5 (w/w), and the HA-clay suspension was gently shaken on a shaker for 72 
h. The suspension pHs were adjusted with a diluted NaOH and HC1 solution using an 
Accumet model 510 combination pH electrode and readjusted every 24 h. After shaking 
for 72 h, the suspension was centrifuged at 7600 g for 15 min. The precipitate was 
washed with the background solution several times to remove any unbound HA fraction 
until there was no color in the washing solution. The washed precipitate was freeze-dried, 
ground, and then stored for subsequent uses. The supernatant HA was saved for further 
experiments. This unbound HA solution was acidified with 6 M HC1 followed by 
washing with a 0.1 M HF/0.3 M HC1 solution three times to remove any associated clay 
fraction, then centrifuged at 7600 g for 20 min to obtain precipitated HA. The 
precipitated HA was freeze-dried, ground, and stored for further analysis. For the 
sequential adsorption of HA to the clay minerals, fresh kaolinite and montmorillonite 
were added to the HA supernatant for further complexation reaction. This process had 
been repeated for four times (Figure 3.1). Standard clay without HA was prepared by the 
same procedures as the clay with HA coating. For the preparation of a standard HA, the 
source HA (SHA) was subjected to the same procedures as those for precipitated 
unbound HA samples. 
3.3.4. Characterization of HAs 
3.3.4.I. Elemental analysis and UV-Visible spectroscopy 
The C, H, and N contents of the HA were determined using a Carlo Erba 1110 CHN 
Elemental Analyzer. Oxygen content was calculated by the mass difference. Ash content 
was measured by heating the samples at 800 °C for 4 h. Using an Agilent 8453 UV- 
visible spectrometer , the ratios of absorbance for the supernatant (unbound) HA at each 
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steps at 465 and 665 nm (E4/E6 ratio) and 254 and 365 nm (E2/E3 ratio) were determined 
in the sequential coating process to explore the fractionation of HA. HA solution (or 
supernatant) after each coating step was adjusted to pH 5.0 with a diluted HC1 and NaOH 
solution before measurements. 
3.3.4.2. Fourier transform infrared (FT-IR) spectroscopy 
The DRIFT spectra were recorded with a Perkin-Elmer Spectrum One FTIR 
spectrophotometer, equipped with a lithium tantalate (LiTaOs) detector and a DRIFT 
accessory (Shelton, CT). 5 mg of the freeze-dried complex and unbound HA were mixed 
gently with 95 mg of KBr using pestle and mortar and analyzed with DRIFT. The KBr 
powder was used as a background. DRIFT spectra were recorded from 450 to 4000 cm 1 
at 4 cm 1 resolution over 200 scans. All absorption spectra were converted to Kubelka- 
Munk function using a Spectrum software (Perkin-Elmer, USA). The DRIFT HA spectra 
in HA-clay complexes were obtained by subtracting a spectrum of the standard clay 
without any adsorbed HA. 
3.3.4.3. Solid state 13C Nuclear Magnetic Resonance Spectroscopy 
1 T 
Solid-state C NMR technique was employed to characterize the structural 
composition of the SHA and the unbound HA. NMR spectra were acquired at a 
frequency of 75.48 MHz for carbon on a Bruker Advance DSX-300 spectrometer 
(Rheinstetten, Germany). The l3C spectra of HAs were obtained using a total sideband 
suppression pulse program (cross-polarization magic angle spinning with total sideband 
suppression) in a 7-mm Zirconia rotor with Kel-F cap. The instrument was run under the 
following conditions: contact time, 1 ms; spinning speed, 5 kHz; 90° 'H pulse, 5 ps; 
acquisition delay, 4 s; and the number of scans, from 5000 to 10000. 
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3.3.5. Molecular weight of HAs by HPSEC 
Characterization of HA based on MW was investigated with HPSEC. A detailed 
description of the HPSEC method is provided elsewhere (Chin et al., 1994; Zhou et al., 
2000). Briefly, the mobile phase consisted of degassed 0.1 M NaCl buffered with 2 mM 
phosphate at pH 7.2 with a flow rate of 0.5 ml/min. A TSK-GEL column (Tosoh 
Bioscience, G3000PWXL, 7.8 mm x 30 cm, and particle size 6 pm) and a TSK-GEL 
guard column (Tosoh Bioscience, 6.0 mm x 4 cm, and particle size 12 pm) were used 
with a Perkin Elmer 200 LC diode array detector (254 nm) and a fluorescence detector 
(467/548 nm, Ex/Em) subsequently. All HA samples were filtered through 0.20 pm 
polycarbonate membrane filters prior to sample injection. In preliminary tests for HA 
interaction with the column matrix, the recovery rate within analysis time (40 min) was 
98 ~ 103% of initial injection amount of HA. To calculate MW of HA, sodium 
polystyrene sulfonate (PSS) of nominal MW values 35, 18, 4.6, and 1.8 kDa 
(Polysciences, Inc.) was employed as standard molecules. As reported by the supplier, the 
actual MW values for these PSS samples were 32.9, 14.9, 5.18, and 1.43 kDa, 
respectively. Acetone (58 daltons, HPLC grade) was used as a low MW standard. The 
concentration of the standards was 200 mg/L. 
A semi-log linear calibration curve (Figure 3.2) was used to calculate the MW of 
samples. Mn (number average MW) and Mw (weight average MW) were determined using 
the following equations (Zhou et al., 2000). 
N 
Iw 
M„=-^- [1] 
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[2] 
/= 1 
where f is the frequency of a characteristic MW A/,; is the weight of a 
characteristic MW of i fraction; N is the number of fractions of molecules according to 
MW. Polydispersity (p) of HA was calculated as MJMn, which would be 1 for a pure 
substance; whereas, for a mixture of molecules, M„ < Mw and p >1. The MW distribution 
of adsorbed HA on goethite was determined from the HPSEC chromatograms by 
difference between the previous unbound HA and immediate following unbound HA 
(Zhou et al., 2001). 
3.4. Results and Discussion 
3.4.1. HA sorption to clay minerals 
Natural organic anions can interact with clay minerals in various ways involving 
Coulombic interaction, surface complexation, and even surface catalyzed reactions (Tiller 
and O’Melia, 1993; Tombacz et al., 1998). Adsorption of multifunctional organic acids 
significantly influences the particle-particle interactions in clay mineral suspensions 
(Tombacz et al., 1999). Figure 3.3 shows that sorption isotherms of HA had a steep initial 
slope (at low equilibrium HA concentrations) and reached a plateau as equilibrium 
carbon concentration increased. Thus, the sorption isotherms of HA to kaolinite and 
montmorillonite in this study fit the Langmuir adsorption equation. 
Sorption capacity (Qo) significantly depended upon the clay mineral species (Figure 
3.3). Clay lamellae have negative charge sites on the basal planes owing to the 
substitution of the central Si and Al ions in the crystal lattice. Additional polar sites, 
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mainly octahedral Al-OH and tetrahedral Si-OH groups, are situated at the broken edges 
and exposed hydroxyl-terminated planes of clay lamellae (Johnson and Tombacz, 2002). 
These amphoteric sites are conditionally charged, and so either positive or negative 
charges, depending on the solution pH, can develop on the O faces and at the edges by 
direct H/OH transfer from aqueous phase. Although the overall charge is negative in 
general, both negatively and positively charged parts on the surface of clay mineral exist 
simultaneously under acidic conditions. Thus, the adsorption of natural organic molecules 
is attributed to interactions with edge surfaces and hydroxyl-terminated planes of clay 
minerals (Kubicki et al., 1997; Nordin et ah, 1997). Although the surface area of 
2 2 
montmorillonite (298 nr/g) was much higher than that of kaolinite (19 m /g), sorption 
capacity of HA was higher for kaolinite than montmorillonite due to their different 
surface characteristics. We expect that a clay mineral with higher surface area would sorb 
more HA. However, HA sorption predominantly occurs at the edges of clay mineral. Wan 
and Tokunaga (2002) reported that the edge area of kaolinite was 20 ~ 30 % of total 
surface area, meanwhile that of montmorillonite was less than 1 % of total surface area. 
Therefore kaolinite may provide a number of edges for HA adsorption in comparison 
with montmorillonite. The zero point charge (pHzpc, ~ 6.5) of edge surfaces of 
montmorillonite (Tombacz and Szekeres, 2004) is lower than that (pHzpc, ~ 7.5) of 
kaolinite (Blockhaus et al., 1997). At pH 5 below the pHzpc of the edge surfaces, 
positively charged edges of kaolinite and montmorillonite result in adsorption of 
negatively charged HA molecules, rich in carboxylic functionality. The magnitude of 
positively charged edges at montmorillonite is less than those at kaolinite, which 
accounts tor kaolinite having higher sorption capacity for HA than montmorillonite. 
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Previous studies also reported higher sorption of HA by kaolinite than montmorilIonite 
(Feng et al., 2005; Zhou et ah, 1994). 
Adsorption of HA on kaolinite and montmorillonite was strongly pH-dependent 
(Figure 3.3): the sorption increased with decreasing pH, which has been commonly 
observed for SOM in other study (Schlautman and Morgan, 1994). The increase in 
adsorption at low pH and the decrease in adsorption at high pH can be explained by 
considering the electrostatic interactions between the acidic functional moieties of HA 
and the edge surfaces of clay minerals. Although the electrostatic contribution to the free 
energy of adsorption is relatively small (Evanko and Dzombak, 1998), electrostatic 
interactions can be regarded as one of the surface adsorption modes. Surface 
complexation between the acidic functional groups of HA and the surface hydroxyl 
groups on clay minerals plays an important role in HA sorption (Goldberg et ah, 1996; 
Nordin et ah, 1997; Specht and Frimmel, 2001). When pH increases, surface edges 
become negatively charged, which causes the oxygen atoms on the edge surfaces of clay 
mineral to be tightly bound and thus less likely to react with acidic functional groups in 
solution (Goldberg et ah, 1996). As the pH decreases, neutral and positively charged 
surface sites are formed, and metal-oxygen bond is weakened due to decreased electron 
density of the bond. Therefore, the complexation by ligand exchange at acidic pH may be 
one of binding mechanisms for HA by the clay minerals in this study, which is in 
agreement with spectroscopic evidence discussed below. 
The conformation of dissolved HA is affected by pH (Wang et ah, 1997), which is 
similar to that of polyelectrolytes (Tipping and Cooke, 1982; Ghosh and Schnitzer, 1980). 
The random coil model for humic substances predicts that a flocculated form would exist 
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at a low pH, and a dispersed form at a high pH (McBride, 1994). A dispersed HA 
molecule may cover wider surface area on clay mineral than a coiled HA can. Thus, the 
amount of adsorbed HA, coiled conformation, at low pH may be higher than that of 
adsorbed HA, dispersed conformation, at high pH. 
3.4.2. Preferential Adsorption 
3.4.2.1. Elemental analysis 
Table 3.1 shows that the H/C ratio of unbound HA by kaolinite decreased from 1.02 
of SHA to 0.87 of KHA4 (the 4,h HA fraction after sorption by kaolinite), which implies 
that the KHAs have relatively low content of aliphatic moieties compared to the SHA. 
The polarity index ((N+0)/C) of unbound HA decreased with increasing sorption by 
kaolinite from 0.60 to 0.56. This reduction of polarity index of the KHAs suggests 
preferential sorption of polar fractions on kaolinite surface with sequential adsorption, 
which is supported by other study (Kaiser, 2003). A key factor in the interaction of 
strongly-sorbing organic matter with clay mineral surfaces is the acidity of the adsorbing 
compounds (Filius et al., 2003; Kaiser, 2003). Sorption increases with increasing number 
of carboxyl groups per molecule and acidity of carboxyl groups (Davis, 1982; Wang et ah, 
1997). Furthermore, the binding of carboxyl groups in organic matter to clay mineral 
surfaces is generally strong due to complexation with surface metals (Davis, 1982; 
Kubicki et ah, 1999; Wershaw et ah, 1995), thus the sorption is barely reversible (Avena 
and Koopal, 1998; Kaiser and Zech, 1997). In our study, the HA fraction rich in 
carboxylic functionality may bind to kaolinite surface through ligand exchange with the 
surface hydroxyl groups or through carboxylate bridging with Al ions present on the edge 
surfaces by electron donor-acceptor mechanism. 
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However, montmorillonite may provide many sorption sites for aliphatic moieties of 
HA in comparison with kaolinite because the H/C ratio of MHAs (the HA fractions after 
sorption by montmorillonite) dramatically decreased with increasing sorption from 1.02 
of SHA to 0.72 ~ 0.58 of MHAs. The polarities of the MHAs was between 0.62 ~ 0.66. 
These results implicate the sorption of nonpolar fractions on montmorillonite surface by 
entropy driven hydrophobic interaction. 
3.4.2.2. UV-visible spectroscopy 
Generally, E4/E6 ratio is highly related to the humification degree (decomposition of 
organic matter) and MW of SOM (Chen et al., 1977). Well-decomposed SOM has 
relatively low E4/E6 ratio and high MW. In our study, the E4/E6 ratios of KHAs and 
MHAs decreased with increasing sorption (Table 3.1), which indicates that the HA 
fractions remaining in the solution have high MW. Interestingly, the E4/E6 ratios of 
unbound HAs after coating on montmorillonite removed a portion was lower than ones 
left in solution by kaolinite (Table 3.1). Therefore, kaolinite provides preferential 
sorption site for high MW fractions relative to montmorillonite, which is line with other 
research (Chorover and Amistadi, 2001) and the following HPSEC results in this current 
study. 
The E2/E3 ratio is related to aromaticity for HA (Peuravuori and Pihlaja, 1997). The 
E2/E3 ratios of the MHAs were lower than one of SHA, imlying that the adsorbed HA 
fraction (MHCs) had a lower aromaticity than the SHA, which is supported by the NMR 
integration results (Table 3.2). Meanwhile, the ratio of KHAs slightly decreased after the 
SHA sorption onto kaolinite. Considering the extent of diminishment of aromaticity 
inferred from E2/E3 ratio, it is possible that the binding sites on kaolinite surfaces were 
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occupied by aromatic rich moieties, while montmorillonite was predominantly covered 
with aliphatic-rich HA fractions. 
3.4.2.3. Solid state 13C NMR 
The results of 13C Solid state NMR analysis of the SHA and the unbound HA 
fractions after coating on the minerals are displayed in Figure 3.4 and Table 3.2. The 
following major spectral bands were identified and integrated: 0 ~ 50 ppm, mainly 
aliphatic or paraffinic carbons; 50 ~ 60 ppm, methoxy groups; 60 ~ 96 ppm, -CH20- 
groups; 96 ~ 108 ppm, anomeric groups; 108 ~ 145 ppm, aromatic groups; 145 ~ 162 
ppm, phenolic groups; 162 ~ 220 ppm, carboxylic groups and carbonyl groups. 
Table 3.2 shows that the content of paraffinic carbon (0 ~ 50 ppm) decreased with 
increasing coating on montmorillonite from 15.8 % of the SHA to 10.71 % of MHA4, 
which implies that paraffinic moieties prefer to adsorb onto the clay mineral in this study. 
For HA adsorption study by montmorillonite, Feng et al. (2005) suggested that the 
paraffinic fraction of organic matter adsorbed to montmorillonite may contribute from 
peptide/protein CH3 deduced from *H NMR analysis. However, Figure 3.3 shows that the 
dominant peaks around 30 ppm of polymethylene carbon (Preston & Schnitzer, 1984) 
diminished after the sequential sorption. Simpson et al. (2006) observed that aliphatic 
components of NOM preferentially sorb to the montmorillonite surface, while amino 
acids mainly remained in the supernatant. There is additional evidence for the higher 
involvement of polymethylene group with the clay mineral rather than peptide/protein 
CH3 in the NMR spectrum (Figure 3.3). A peak at 16 ppm still remained in MHAs even 
with increasing number of HA adsorption, thus peptide/protein CH3 may be less 
associated with montmorillonite than polymethylene components. We also observed the 
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adsorption of relatively “polar aliphatic carbons” (50 ~ 108 ppm) by electrostatic 
interaction with positively charged edges of montmorillonite. Therefore, we propose that, 
as most aliphatic components in HA contain polar functionalities, it may well be these 
groups that initiate the surface interaction after which hydrophobic interaction may 
become more pronounced as water is replaced from the clay surface by the organic 
components. Meanwhile, aromatic fractions (108 ~ 162 ppm) and carboxylic and 
carbonyl fractions (162 ~ 220 ppm) were likely to remain in the supernatant after HA 
sorption onto montmorillonite. This observation is supported by previous reports 
(Chorover and Amistadi, 2001; Wang and Xing, 2005), which suggest that more aliphatic 
fractions of HA adsorbed onto montmorillonite than aromatic and carboxylic and 
carbonyl fractions. However, aromatic fractions of natural organic matter from a lake 
were reported to preferentially adsorb to montmorillonite (Specht et al., 2000). This is 
probable due to the fact that different types of humic material were used in the two 
studies. 
Table 3.3 shows that the paraffinic fractions were adsorbed on kaolinite, however 
the adsorbed proportion of these fractions onto kaolinite are less than that onto 
montmorillonite. Thus, the fractionation of humic substance is highly influenced by types 
of clay minerals (Chorover and Amistadi, 2001; Feng et ah, 2005; Wang and Xing, 2005). 
Polar aliphatic carbon contents (50 ~ 108 ppm) for unbound HA after coating kaolinite 
did not significantly change after the sorption, implying that the proportion of these polar 
aliphatic moieties in KHAs is almost same as one in SHA. This observation is contrary to 
a previous study reporting that kaolinite-associated SOM was enriched in polysaccharide 
products (Wattel-Koekkoek et ah, 2001). Another study suggested that the less oxidized 
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molecules of HA were likely to bind to kaolinite compared with the fraction enriched in 
carbohydrate fragments (Balcke et ah, 2002). The contents of aromatic C fraction (108 ~ 
145 ppm) and phenolic group (145 ~ 162 ppm) of HA after sequential adsorption onto 
kaolinite in this study were similar to those of SHA, which reflects different fractionation 
of HA between kaolinite and montmorillonite. Considering the extent of reduction in 
carboxylic and carbonyl contents after HA sorption to kaolinite and montmorillonite, 
these fractions preferentially adsorb onto kaolinite surface where the area of positively 
charged edges is probably higher than on montmorillonite. 
3.4.2.4. DRIFT results of unadsorbed HA fractions and HA-clay complexes 
DRIFT spectra of the SHA and the unbound HA fractions obtained after coating on 
the clay minerals were also collected (Figure 3.5). The DRIFT spectra emphasized 
fractionation of HA upon sorption on clay minerals (Peuravuori and Pihlaja, 1997). The 
SHA has absoiption bands at 2928 and 2847 cm"1 for aliphatic C-H stretching and at 
1707 and 1578 cm"1 for carboxylate C=0 stretching (Gu et ah, 1995; Wander and Traina, 
1996). The bands at 1442 and 1370 cm 1 denote coupled C-O stretching and OH in plane 
bending vibration of the carboxylic acid moieties of HA molecules, respectively. 
Phenolic, carbohydrate, and aliphatic fractions were observed by the presence of peaks at 
1250, 1070, and 1040 cm"1, respectively. Interestingly, the stretching band (1707 cm'1) of 
carboxylate C=0 lor KHAs disappeared, but MHAs still had the stretching band at 1707 
cm-1 although the peak intensity slowly decreased with increasing adsorption (Figure 
3.5). These results indicate that kaolinite may have higher sorption of carboxylic acid 
fractions than montmorillonite. 
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By comparison with SHA, the intensity of stretching band (1712 cm'1) of 
carboxylate C=0 for KHCs was much lower than that for MHCs (Fig. 6). 
Montmorillonite has permanent structural charge up to 100 times larger than kaolinite 
(Sposito, 1989), which indicates that net proton surface excess under a given pH 
condition on montmorillonite surface is higher than kaolinite surface. Thus, the more H 
from montmorillonite surface, the more stable carboxylic acid (COOH), leading to 
stretching band at 1712 cm'1 of adsorbed HA. Therefore, surface characteristics of clay 
minerals can affect the speciation of HA. Another important observation is that new 
stretching bands of carboxylate COO of KHCs and MHCs appeared at 1592 and 1552 
cm'1, indicating that COO functional groups of HA may have complexed with kaolinite 
and montmorillonite surfaces (Figures 3.5 and 3.6). Furthermore, a new band around 
1392 cm 1 appeared due to the complexation between COO of HA and A1 on the clay 
mineral surfaces (Figure 3.6), which was supported by the fact that absorption band at 
1392 cm 1 appeared when organic matter interacted with A1 to form complexes with 
kaolinite and montmorillonite (Kang and Xing, 2007). The peak at 1592 cm'1 of KHCs in 
Figure 3.6 most likely represents an inner-sphere adsorption mode for carboxylic acid by 
kaolinite (Szaraz and Forsling, 2001). A previous study reported that the outer-sphere 
adsorption mode of organic acid soiption onto clay minerals may change to inner-sphere 
complexation (Jones et al., 1998), which was investigated with slight peak shifts of 
asymmetric vibration of COO from 1590 cm 1 to 1550 cm1. Therefore, we suggest that 
the electrostatic or the outer-sphere adsorption of the HA on the kaolinite surfaces would 
occur first, followed by relatively strong bonding, inner-sphere complexation between 
carboxylic groups of the HA and the surface. In case of montmorillonite, MHC1 had the 
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dominant peak at 1592 cm'1, meanwhile MHC4 showed the main peak at 1552 cm'1. We 
don’t have any plausible explanation for this peak shift after sequential sorption, but it 
comes from the amount of adsorbed carboxylic acid moiety. A previous study proposed 
that the conformation of HA on clay minerals depends on the amount of adsorbed HA 
(Wang and Xing, 2005). Low content of carboxylic acid on MHC4 close to the mineral 
surface may take strong adsorption by inner-sphere complexation due to the attractive 
forces of the mineral surface. However, the MHC1 has relatively high content of 
carboxylic acid moieties with some part of them close to the mineral surface that are 
associated by inner-sphere complexation and the rest part of them may be adsorbed via 
outer-sphere adsorption. Even though carboxylic acid groups of HA were involved in HA 
adsorption onto montmorillonite surface by inner or outer sphere complexation, we 
observed some free carboxylic acid groups (unbound) inferred from a peak at 1712 cm'1 
(Figures 3.5 and 3.6). 
KHCs and MHCs showed two peaks at 2928 and 2847 cm'1 (Figure 3.6) resulting from 
the adsorption of aliphatic fractions. In addition, KHAs had a clear peak at 1070 cm"1 
(Figure 3.5), but its peak intensity in MHAs diminished. These results indicate that a 
relatively high proportion of the aliphatic fractions adsorbs onto montmorillonite 
compared to kaolinite, which is line with the NMR integration result. Due to hydrophobic 
character of siloxane surfaces of aluminosilicate mineral (Jaynes and Boyd, 1991), sorption 
ol these fractions might have taken place by hydrophobic interaction on the siloxane 
surfaces ol kaolinite and montmorillonite. Previous reports suggested hydrophobic 
interaction between organic molecules and the siloxane surface of aluminosilicate 
mineral (Laird and Fleming, 1999; Namjesnik-Dejanovic et al., 2000; Sheng et al, 2001). 
In addition, the adsorbed HA may change the hydrophilic surface of clay minerals into 
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hydrophobic surface, which enhances the adsorption affinity of HA-clay complex 
towards HA. Thus, HA-clay complex has new hydrophobic sorption sites for long chain 
aliphatic moieties. Interestingly, sorption of aliphatic moieties can be elicited by the 
decrease in peak intensity at 2928 cm 1 from increasing sorption onto montmorillonite 
and the NMR integration results. Wang and Xing (2005) showed that montmorillonite- 
HA complexes are primarily aliphatic in nature. Therefore, our DRIFT results are in 
agreement with their findings. From DRIFT and NMR results we can emphasize that 
aliphatic fractions has high affinity to montmorillonite surface, relative to kaolinite. 
3.4.2.S. Molecular weight fractionation of HA 
Figure 3.7 shows the MW distribution of HA during adsorption process onto 
montmorillonite. The apparent MW (MWAp) of the SHA was 7.2 kDa and MWAp of MHAs 
was around 15.9 kDa. MHCs also had both small MWAP (3.6 kDa) and high MWAP (42.7 
kDa) fractions (Figure 3.7). The adsorbed amount of small MWAP fractions was higher than 
the high MWAp fraction, which implies that small MWAp HA fractions preferentially 
adsorbed onto montmorillonite surface. This result differs from a previous study reporting 
that montmorillonite reacts with the larger MW components of HA (Satterberg et al., 
2003). However, Chorover and Amistadi (2001) reported that montmorillonite displayed 
a selective uptake of lower MW materials. In case of montmorillonite, sorption of SOM 
may take place on both external and internal surface. Interlayer space may be a probable 
sorption site of small MW SOM, but higher molecular size of SOM could have restricted 
its mobility from the interlayer region. Rashid (1985) explained that diameter of SOM 
molecules is in the range of 60 ~ 80A, and is therefore unfavorable for penetrating in the 
interlayer space of montmorillonite. Baham and Sposito (1994) showed that organic 
matter does not take part in intercalation in montmorillonite. However, Kodama and 
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Schintzer (1977) observed small MW SOM fractions sorption in the interlayer of 
montmorillonite. The different results from these researchers might be directly related to 
the molecular size of SOM. Mostly small MW SOM, such as fulvic acid, has much 
smaller size compared to HA. HA therefore possibly experienced more steric hindrance 
to get into the interlayer of montmorillonite. In addition, the sorption of high MW SOM 
to montmorillonite surface might have taken place on the external surface of the clay 
mineral. 
The M„ and Mw of MHAs were calculated from absorbance at 254 nm of a UV 
detector (Table 3.3). The Mw of MHAs was higher than that of the SHA because the 
change of Mw may result from adsorption of high MW fractions. Thus, adsorption of high 
MWap HA fractions (> 40 kDa) was quite low in comparison with relatively small MWap 
HA fractions (around 4.5 kDa). In addition, Mn of the MHAs was higher than that of 
SHA due to high sorption of the small MWap fractions onto montmorillonite. The change 
of Mw and M„ resulted in the reduction of the polydispersity (p) of MHAs, which implies 
the fractionation of different MWAp HA fractions (Table 3.3). In addition, the 
polydispersity of MHCs increased from 4.25 of SHA to around 8—11, which reveals that 
montmorillonite provided adsorption sites for HA with a wide MW range due to its 
internal and external surfaces. 
Table 3.3 shows that the Mw of KHAs was higher than that of the SHA, but the 
increment was not as larger as one the observed in the results from MHAs. These results 
indicate that relatively high MW HA fractions adsorb on kaolinite. Therefore we 
observed that MWap (4.8 kDa and 49.0 kDa) of KHCs shown in Figure 3.8 was bigger 
than the MWap (3.6 kDa and 42.7 kDa) ot MHCs in Figure 3.7, which may be attributed 
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to kaolinite having no interlayer for small organic molecules in contrast to 
montmorillonite. Therefore, the HA sorption would most likely have taken place on the 
external surface of kaolinite. In addition, polydispersities of KHCs (Table 3.3) were less 
than those of MHCs, which also supports that HA fractionation is influenced by clay 
types. 
Fluorescence detection at a specific excitation/emission (Ex/Em) wavelength has 
been employed in HPSEC separation and characterization of organic matter (Hur and 
Schlautman, 2003; Wu et al., 2003). Generally, fluorescence signals in organic matter can 
be classified into three types of fluorophoric groups. One of the three groups usually has 
maximum Ex < 305 nm and maximum Em < 350 nm, which is related to aromatic amino 
acids, and is often referred to as protein-like fluorescence (Coble, 1996; Mopper and 
Schultz, 1993). The other two groups with Ex and Em wavelengths ranging from 300 to 
600 nm are attributed to humic substances, with HA fluorescing at longer Ex/Em 
wavelengths and fulvic acid at shorter wavelengths, referred to as humic- and fulvic-like 
fluorescence, respectively (Baker, 2000; Coble, 1996; Mopper and Schultz, 1993; Wu et 
al., 2003). In our study, we employed a specific fluorescence at Ex/Em 467/548 nm, 
which is representative for humic-like fluorescence wavelengths (Wu et al., 2003), to 
separate HA and calculate the MW of HA. It was observed that both Mn and Mw of HAs 
obtained by fluorescence were significantly smaller than those by UV detector (Table 
3.3). HPSEC chromatograms from the fluorescence detector had a distribution of 
molecular Ex/Em of humic-like fluorophore at 467/548 nm. For instance, a recent study 
reported that UV mode can detect a wide range of organic matter fraction including large 
MWap fractions, such as proteins, which has very strong signal at Ex/Em 280/325 nm 
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and negligible at Ex/Em 350/470 nm (Maie et al., 2007). They also showed that the 
MWAp of humic-associated phenolic components was dominant around 7.6 kDa, which 
agreed with our results. Thus, humic-like fractions prefer to adsorb onto montmorillonite 
and kaolinite relative to large size protein fractions. 
3.5. Conclusion 
HA molecules undergo fractionation during adsorption on clay mineral surface. 
Fractionation behavior is vastly affected by the surface properties of clay minerals. 
Elemental analysis, DRIFT, and solid state 13C NMR analysis all point to the 
fractionation of HA upon sorption on kaolinite and montmorillonite. Paraffinic fractions 
preferentially adsorbed on montmorillonite, while aromatic fractions were likely to 
remain in solution. The electrostatic or ligand exchange was revealed by decreasing 
polarity of the HA fractions obtained after coating on kaolinite and montmorillonite. 
Montmorillonite provides more adsorption sites for polar aliphatic groups than those for 
carbonyl and carboxylic acid groups that prefer to adsorb on kaolinite. The HA 
adsorption must be explained not only by electrostatic or ligand exchange reactions on 
the surface broken edges but also by hydrophobic interactions on the external basal plane. 
Due to the different surface characteristics between kaolinite and montmorillonite, 
relatively small MW HA fractions were likely to adsorb onto montmorillonite and a 
relatively high MW of HA fractions adsorbed on kaolinite. The small MW HA-clay 
complex formed by ligand exchange and/or electrostatic interaction may create 
hydrophobic sorption sites for high MW HA fractions. With these results, we proposed 
HA adsorption process onto kaolinite and montmorillonite in following steps: (1) 
electrostatic attraction or outer-sphere complexation of the polar functional moieties on 
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relatively small MW HA fractions on pH-dependent charged edges of the clay minerals 
and hydrophobic interaction between long-chain paraffinic moieties and the external 
basal plane. (2) Carboxylic groups of adsorbed HA become involved in inner-sphere 
complexation on the edges by ligand exchange reaction, which makes a stable HA-clay 
complex with hydrophobic characteristics. (3) The hydrophobic surface of this HA-clay 
complex is new hydrophobic sorption site for high MW HA fractions (MWAp > 43 kDa). 
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Figure 3.1. Flow chart of the preparation of humic acid-clay mineral complex 
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Figure 3.2. Calibration curve obtained by linear regression of the logMW-Rt of the 
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Anomeric C 
Aromatic C (96 ~ 108) 
Figure 3.4. Solid-state 13C NMR spectra for the source FIA (SHA) and the representative 
unbound HAs after coating by kaolinite and montmorillonite. 
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Figure 3.5. DRIFT spectra of the source HA (SHA) and unbound HAs (KHAs and 
MHAs) after coating by kaolinite and montmorillonite, respectively. 
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Figure 3.6. DRIFT spectra of kaolinite and montmorillonite-FlA complexes (KHCs and 
MHCs, respectively) obtained from sequential sorption. 
74 
7.2 ± 0.2 kDa 
log(MW) 
Figure 3.7. Comparison of molecular weight distribution of HA before adsorption (SHA), 
remaining in solution following adsorption onto montmorillonite (dark curve) and (by 
difference) adsorbed to the surface (light gray curve) with absorbance at 254 nm of UV 
and Ex/Em 467/548 nm of fluorescence. 
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7.2 ± 0.2 kDa 
Figure 3.8. Comparison of molecular weight distribution of HA before adsorption (SHA), 
remaining in solution following adsorption onto kaolinite (dark curve) and (by 
difference) adsorbed to the surface (light gray curve) with absorbance at 254 nm of UV 
and Ex/Em 467/548 nm of fluorescence. 
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CHAPTER 4 
HUMIC ACID FRACTIONATION UPON SEQUENTIAL 
ADSORPTION ONTO GOETHITE 
4.1. Abstract 
Mineral-humic complexes are commonly distributed in natural environments and 
important in regulating the transport and retention of hydrophobic organic contaminants 
in soils and sediments. This study investigated the structural and conformational changes 
of humic acid (HA) and mineral-HA complexes after sequential HA adsorption by 
goethite, using UV-Visible spectroscopy, high performance size exclusion 
chromatography (HPSEC), Fourier transform infrared (FT-IR) spectroscopy, and solid- 
state l3C nuclear magnetic resonance (NMR) spectroscopy. The HA remaining in the 
solution after adsorption showed low polarity index values ((N+0)/C), which indicates 
that polar functional moieties are likely to adsorb on the goethite surface. In addition, we 
observed decreased E4/E6 and E2/E3 ratios of unbound HA with increasing number of 
coatings, implying that aliphatic rich HA fractions with polar functional moieties readily 
adsorb to the goethite surface. According to IR spectra, carbohydrate carbon would be 
important fractions associated with goethite. NMR spectra provided evidence for HA 
fractionation during adsorption onto the mineral surface, i. e., aliphatic fractions were 
preferentially adsorbed by goethite while aromatic fractions were left in solution. 
Relatively small molecular weight (MW) HA fractions had a greater affinity for the 
goethite surface from the analysis and inference of the HPSEC chromatograms, which 
differs from the reported results in the literature. Finally, our results suggest that the polar 
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aliphatic fractions of HA were mainly adsorbed to goethite via electrostatic attraction 
and/or ligand exchange reaction. 
4.2. Introduction 
Interactions between mineral surfaces and soil organic matter (SOM) are of 
significant importance in a variety of natural environments (Au et al., 1999; Kleber et al., 
2005). Minerals comprising the major components of soils, suspended solids, and 
sediments commonly possess at least a partial surface coating with SOM (Mayer and 
Xing, 2001). The sorption of SOM can alter many physicochemical properties of 
minerals (Angove et al., 2002; Wang and Xing, 2005), including the rate and extent of 
dissolution (Johnson et al., 2004; Yoon et al., 2004) and the physical stability of 
colloidal-sized particles (Huygens et al., 2005; Jobbagy and Jackson, 2000). 
Consequently, SOM sorption on minerals plays important roles in detoxification of 
hazardous compounds and in the transport and binding of organic and inorganic 
contaminants (Wang and Xing, 2005). Moreover, the SOM sorption can protect SOM 
against biodegradation, hence, affecting biogeochemical carbon cycling and carbon 
sequestration processes (Mikutta et al., 2006; Wagai and Mayer, 2007). 
SOM consists ol heterogeneous components with a wide range of molecular 
weight (MW) and diverse functionality ranging from nonpolar polymethylene chain to 
highly polar carboxylic groups. Due to the heterogeneities of SOM, various modes of 
SOM sorption are observed with different minerals. For instance, the fractionation of 
aquatic natural organic matter (NOM) occurs upon sorption onto Fe oxide mineral 
sui laces and this likely contributes to the large adsorption-desorption hysteresis 
(McKnight et al., 2002; Ochs et al., 1994; Van de Weerd et al., 1990). In addition. 
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mineral surfaces with different surface properties have particular affinity towards specific 
functional moieties of SOM. For example, preferential sorption of high MW hydrophobic 
fractions was observed on kaolinite and montmorillonite surfaces (Wang and Xing, 2005). 
Sorption of NOM on iron and aluminum oxide minerals mostly occurs via carboxylic 
functionality of NOM (Au et al., 1999; Wagai and Mayer, 2007). Therefore, the sorption 
mechanisms of SOM by minerals are very diverse, including electrostatic interaction, 
ligand exchange-surface complexation, and entropy driven hydrophobic interaction. 
With respect to the fractionation of SOM upon adsorption to minerals, several 
groups have suggested that hydrophobic and/or higher MW SOM fractions, more 
aromatic components of SOM preferentially adsorb to Fe oxide surface, leaving behind 
lower MW, more aliphatic components in solution (Davis, 1982; Tipping, 1981; 
McKnight et al., 1992; Gu et al., 1995; Kaiser and Zech, 1997; Meier et al., 1999; 
Namjesnik-Dejanovic et al., 2000; Zhou et al., 2000; Hur and Schlautman, 2003). 
However, others reported that goethite has higher sorption affinity for carboxylic 
functional moieties over hydrophobic and/or higher MW SOM such as carbohydrate and 
aliphatic fractions (McKnight et al., 1992; Chorover and Amistadi, 2001). SOM, obtained 
from oxidative decomposition of lignocellulose upon sorption to Al and Fe 
oxyhydroxides, formed strong complexes between surface metals and acidic organic 
ligands (Kaiser and Guggenberger, 2000). The sorption of natural organic material on 
goethite surfaces was attributed to their polar carboxylic and phenolic functionality (Gu 
et al., 1995). For instance, goethite has higher sorption affinity for high polar carboxylic 
functional moieties over low polarity carbohydrate and nonpolar aliphatic fractions 
(Chorover and Amistadi, 2001). In addition, the aromatic components of SOM 
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preferentially sorbed to the mineral surfaces have high content of carboxylic moieties 
(Kaiser, 2003). Furthermore, sorption would increase with the increment in number of 
carboxyl groups per molecule as well as the acidity of the carboxyl group (Davis and 
Gloor, 1981; Edwards et al., 1996; Wang et ah, 1997). 
Although the adsorption studies of well-defined polymers or small organic acids 
are useful to explain SOM adsorptive fractionation, SOM sorption is undoubtedly more 
complicated than these model systems because of their inherent complexities. Until now, 
mechanisms remain unclear for SOM adsorption onto goethite, one of the common oxide 
minerals in soils and sediments. Therefore, a molecular-level understanding of SOM 
sorption by goethite requires additional studies with complementary analyses. The 
objective of this study was to investigate the fractionation behavior of HA on goethite 
upon sequential soiption and to examine HA sorption mechanisms on goethite surface by 
employing UV-Visible spectroscopy, high performance size exclusion chromatography 
(HPSEC), Fourier transform infrared (FT-IR) spectroscopy, and solid-state C nuclear 
magnetic resonance (NMR) spectroscopy. 
4.3. Materials and Methods 
4.3.1. Mineral and HA 
Goethite was purchased from Fluka and used as received because of its high 
purity (> 98 %) (Perez-Ramirez et al., 2002). The N2 Brunauer-Emmett-Teller (BET) 
method with a Beckman Coulter (Foullerton, CA) SA3100 surface analyzer was used to 
measure the specific surface area of goethite at 77 K. Soil HA, extracted from a soil of 
Mount Toby located in the Connecticut River valley in central western Massachusetts, 
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was used for preparation of humic-oxide complexes. The HA preparation and chemical 
characteristics were described in a previous research (Kang and Xing, 2005). 
4.3.2. Sorption Isotherms 
All sorption isotherms were obtained using a batch equilibration technique. 
Background solution was 0.01 M NaCl in deionized water with 200 mg/L NaN3 to reduce 
microbial activity. HA concentrations ranged from 10 to 100 mg/L. The sorption 
experiments were conducted with 8 concentration points, each point including the blank 
solution, was run in triplicate and carried out in borosilicate glass vials at room 
temperature. To equilibrate goethite suspension, 15 mL of background solution was 
added into the vial containing 75 mg of goethite and then the vial was rotated in an end- 
over shaker (150 rpm) for 24 h without any pH adjustment. After 24 h of equilibration, 
the suspension was centrifuged for 20 min at 7600 g and the supernatant was discarded. 
A volume of 15 mL of HA solution was then added to the centrifuged goethite paste. The 
vials were sealed with aluminum foil-lined Teflon screw caps and placed on the shaker 
(150 rpm) for 72 h at room temperature. The suspension pHs were adjusted with diluted 
NaOH or HC1 using an Accumet model 510 combination pH electrode and readjusted 
every 24 h. A preliminary study showed that continued mixing beyond 48 h did not 
significantly affect the sorption. After equilibration, the vials were removed from the 
shaker and then centrifuged at 7600 g for 20 min. For additional separation of fine 
particle from the supernatant, the supernatant was withdrawn with a plastic syringe and 
filtered with a 0.2 pm polycarbonate membrane filter. The filtered supernatant was 
diluted with the background solution and then the concentration was measured with total 
dissolved organic carbon analysis (Shimadzu TOC-V/TN). A calibration curve between 
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the HA concentrations and the carbon content of the adsorbate was obtained using a wide 
range of adsorbate concentrations. The amount of sorbed HA by goethite was calculated 
by mass difference because of little sorption by vials and no biodegradation. 
The adsorption data were fit with both the Langmuir and Freundlich isotherm 
models using Sigma Plot at p < 0.05. The Langmuir equation is represented as x/m = 
QobCA 1 + bCe), where x/m (mg C/g) is the amount of HA sorbed per mass of goethite, 
Ce (mg C/L) is the equilibrium aqueous-phase solute concentration, Qo (mg C/g) is the 
maximum sorption capacity, and b is a constant as a solute-surface interaction energy- 
related parameter. The Freundlich model is represented as x/m = K/C" where x/m (mg 
C/kg) and Ce (mg C/L) are the same as described above, Ay (mg C(l n>Lnkg‘1) is indicative 
of the sorbate-sorbent binding capacity and n is the isotherm linearity parameter, an 
indicator of site energy heterogeneity. The fit of Freundlich and Langmuir models was 
tested with an F-test to determine which model best described the data (Salloum et al., 
2000). For all isotherms, the F-test indicated that the data were best fitted by the 
Langmuir model (data not shown). In addition, the F-test was used for determining the 
statistical significance of the differences for adsorption parameters (Qo and b) among the 
treatments. Statistical significances were evaluated at P < 0.01. 
4.3.3. Goethite-Humic complex preparation 
HA sorption to goethite was conducted with short-term batch experiments. A 
known amount of HA was dissolved in a minimum volume of 0.5 M NaOH to prepare a 5 
g/L solution with 200 ppm of sodium azide (NaN3) in 0.01 M NaCl as a background 
solution to avoid any microbial degradation. HA solution was adjusted to pH 5 with 0.1 
M NaOH and HC1, and then the HA solution was filtered with a membrane filter (0.45 
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pm pore size). Humic-goethite complex was prepared at a HA to goethite ratio of 1:5 
(w/w), and the HA-goethite suspension was gently shaken on a shaker. The suspension 
pHs were adjusted with diluted NaOH or HC1 using an Accumet model 510 combination 
pH electrode and readjusted every 24 h. After shaking for 72 h, the suspension was 
centrifuged at 7600 g for 15 min. The precipitate was washed with the background 
solution several times to remove the unbound HA fraction until there was no color in the 
washing water. The washed precipitate was freeze-dried, ground, and then stored for 
subsequent uses. The supernatant HA was saved for further experiments. This unbound 
HA solution was acidified with 6 M HC1 followed by washing with a 0.1 M HF/0.3 M 
HC1 solution three times to remove any associated mineral fraction, then centrifuged at 
7600 g for 20 min to get precipitated HA. The precipitated HA was freeze-dried, ground, 
and stored for further analysis. For the sequential adsorption of HA to goethite, fresh 
goethite was added to the HA supernatant for further complexation reaction. This process 
was repeated four times (Figure 4.1). A standard goethite without HA was prepared by 
the same procedures as the goethite with HA coating. For the preparation of a standard 
HA, the source HA (SHA) was treated with the same procedures as those for precipitated 
unbound HA samples. 
4.3.4. Characterization of HA 
4.3.4.1. Elemental Analysis and UV-Vis Spectroscopy 
The C, H, and N contents of the HA were determined using a Carlo Erba 1110 
CHN elemental analyzer. Oxygen content was calculated by the mass difference. Ash 
content was measured by heating the samples at 800 °C for 4 h. Using an Agilent 8453 
UV-visible spectrometer, the ratios of absorbance for the supernatant (unbound) HA from 
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each adsorption step at 465 and 665 nm (E4/E6 ratio) and 254 and 365 nm (E2/E3 ratio) 
were determined in the sequential coating process to explore the fractionation of HA. HA 
solution (or supernatant) after each coating step was adjusted to pH 5.0 with diluted HC1 
and NaOH before measurement. 
4.3.4.2. IR Spectroscopy 
The DRIFT spectra were recorded with a Perkin-Elmer Spectrum One FTIR 
spectrometer, equipped with a lithium tantalate (LiTaCE) detector and a DRIFT accessory 
(Shelton, CT). The freeze-dried complex or unbound HA (5 mg) were mixed gently with 
95 mg of KBr using pestle and mortar and analyzed with DRIFT. The KBr powder was 
used as a background. DRIFT spectra were recorded from 450 to 4000 cm 1 at 4 cm 1 
resolution over 200 coaveraged scans. All absorption spectra were converted to Kubelka- 
Munk function using Spectrum software (Perkin-Elmer, USA). The DRIFT HA spectrum 
of HA-goethite complex was obtained from subtracting a spectrum of the standard 
goethite prepared without any adsorbed HA. 
4.3.4.3. Carbon-13 Nuclear Magnetic Resonance Spectroscopy 
Solid-state 13C NMR was employed to characterize the structural composition of 
the source HA and the unbound HA. The NMR spectrum was acquired at a frequency of 
75.48 MHz for carbon on a Bruker (Rheinstetten, Germany) Advance DSX-300 
spectrometer. The l3C spectrum of HA was obtained using a total sideband suppression 
pulse program (cross-polarization magic angle spinning with total sideband suppression) 
in a 7 mm Zirconia rotor with Kel-F cap. The instrument was run under the following 
conditions: contact time, 1 ms; spinning speed, 5 kHz; 90° 1H pulse, 5 ps; acquisition 
delay, 4 s; and the number of scans, from 5000 to 10000. 
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4.3.4.4. Molecular weight of adsorbed HA by HPSEC 
The characterization of HA based on MW was investigated with high 
performance size exclusion chromatography (HPSEC). A detailed description of the 
HPSEC method is provided elsewhere (Zhou et al., 2000; Chin et al., 1994). Briefly, the 
mobile phase consisted of degassed 0.1 M NaCl buffered with 2 mM phosphate at pH 7.2 
with a flow rate of 0.5 ml/min. A TSK-GEL (Tosoh Bioscience, G3000PWXL, 7.8 mm x 
30 cm, and particle size 6 pm) column and TSK-GEL guard column (Tosoh Bioscience, 
6.0 mm x 4 cm, and particle size 12 pm) were used with a Perkin Elmer 200 LC diode 
array detector (254 nm) and a fluorescence detector (467/548 nm, Ex/Em) subsequently. 
All HA samples were filtered through 0.20 pm polycarbonate membrane filters prior to 
sample injection. In preliminary tests for HA interaction with the column matrix, the 
recovery rate within analysis time (40 min) was 98 ~ 103% of initial injection amount of 
HA, analyzed with organic carbon analyzer and UV-Vis spectroscopy. To calculate MW 
of HA, sodium polystyrene sulfonate (PSS) of nominal MW values 35, 18, 4.6, and 1.8 
kDa (Polysciences, Inc.) was employed as standard molecules (Zhou et al., 2000; Chin et 
al., 1994; Zhou et al., 2001). As reported by the supplier, the actual MW values for these 
PSS samples were 32.9, 14.9, 5.18, and 1.43 kDa, respectively. Acetone (58 Da, HPLC 
grade) was used as a low MW standard. The concentration of the standards was 200 mg/L. 
A semi-log linear calibration curve (Figure 4.2) was used to calculate the MW of 
HA samples. M„ (number average molecular weight) and Mw (weight average molecular 
weight) were determined using the following equations (Zhou et al., 2000) 
N 
— m 
Z/, 
1=1 
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[2] 
N 
w N 
l=1 
where f is the frequency of a characteristic molecular weight, M, is the weight of a 
characteristic molecular weight of i fraction; N is the number of molecular fractions 
according to molecular weight. Polydispersity (p) of HAs is calculated by MJM„, which 
would be 1 for a pure substance; whereas, for a mixture of molecules, M„ < Mw and p >1. 
The MW distribution of adsorbed HA on goethite was determined from the HPSEC 
chromatograms by difference between the previous unbound HA and immediate 
following unbound HA (Zhou et al., 2001). 
4.4. Results and Discussion 
4.4.1. HA sorption to goethite 
Sorption isotherm of HA by goethite showed a steep initial slope at low 
concentrations, then reached a plateau as equilibrium carbon concentration increased, 
which implies a high affinity of binding sites for HA (Figure 4.3). The isotherm 
conformed to the Langmuir adsorption equation. The maximum sorption observed in this 
study was approximately 3.75 ~ 5.61 mg C/g at different pHs. The adsorption of HA on 
goethite was strongly pH-dependent (Figure 4.3): the sorption increased with decreasing 
pH, which has been commonly observed for SOM on goethite (Angove et al., 2002; 
Davis and Gloor, 1981; Evanko and Dzombak, 1998). The increase in adsorption at low 
pH and the decrease in adsorption at high pH can be explained by considering the 
electrostatic interactions between the acidic functional moieties of HA and the goethite 
surface. Although the electrostatic contribution to the free energy of adsorption is 
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relatively small (Evanko and Dzombak, 1998), electrostatie interactions can be regarded 
as one of the surface adsorption modes. Surface complexation between the acidic 
functional groups of HA and the surface hydroxyl groups on minerals plays an important 
role in HA sorption (Nordin et al., 1997; Specht and Frimmel, 2001; Goldberg et al., 
1996). When pH increases, the surfaces become negatively charged, which causes the 
oxygen atoms on the mineral surface to be tightly bound and thus less likely to react with 
acidic functional groups in solution (Goldberg et al., 1996). As the pH decreases, neutral 
and positively charged surface sites are formed, and metal-oxygen bond is weakened due 
to decreased electron density of the bond. Therefore, the complexation by ligand 
exchange at acidic pH may be one of the binding mechanisms for HA by goethite in this 
study. Hydrophobic interaction between goethite surface and protonated HA is another 
possible sorption mechanism, however, this entropy-driven process might not be of major 
importance on the adsorption processes of SOM by minerals (Edwards et al., 1996). 
Unlike SOM, hydrophobic effect has been found to be most important for neutral organic 
compounds such as polycyclic aromatic hydrocarbons, which are highly hydrophobic and 
thus extremely surface reactive (Schwarzenbach et al., 2003). 
4.4.2. Structural characterization and fractionation of HA adsorbed to 
goethite 
In our study, the E4/E6 ratio of the unbound HAs after sequential coating on 
goethite (GHAs) significantly decreased with increasing adsorption (Table 4.1). The 
E4/E6 ratio of the SHA was 8.74 and decreased from 7.91 to 6.38 from the 1st to 4th 
sorption, which indicates that the fractionation of the HA occurred. Generally, E4/E6 ratio 
is highly related to the humification degree (decomposition of organic matter) and MW 
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of SOM (Chen et al., 1977). Well-decomposed SOM has relatively low E4/E6 ratio, low 
polarity, and high MW. Therefore, the SOM fractions remaining in the solution have low 
functional groups and high MW, meanwhile polar moieties with relatively low MW 
might be likely to adsorb on goethite surface. This finding is contrast to previous 
observations that high MW organic matter was adsorbed preferentially to 
Fe(IlI)oxyhydroxide surfaces (Hur and Schulautman, 2003; Zhou et al., 2001). However, 
it is in good agreement with the reports that the high contents of acidic functional groups 
of organic matter favored intense interactions with goethite surface (Kaiser and 
Guggenberger, 2007). The E2/E3 ratio is related to SOM aromaticity (Guo and Chorover, 
2002). The E2/E3 ratios of GHAs were lower than SHA (Table 4.1), showing that the 
adsorbed HA fractions had a lower aromaticity than the SHA. 
The polarity index ((N+0)/C)) of HA decreased after adsorption by goethite 
(Table 4.1). The reduction of polarity index of the GHAs suggests preferential sorption of 
polar fractions on goethite surface with sequential adsorptions, which is supported by 
other study (Kaiser, 2003). A key factor in the interaction of strongly-sorbing organic 
matter with oxide minerals is the acidity of the adsorbing compounds (Kaiser, 2003; 
Filius et al., 2003). Sorption increases with increasing number of carboxyl groups per 
molecule and acidity of carboxyl groups (Davis, 1982; Wang et al., 1997). Furthermore, 
the binding of carboxyl group in organic matter to oxide mineral surfaces is generally 
strong due to complexation reaction with surface metals (Davis, 1982; Wershaw et al., 
1995; Kubicki et al., 1999), thus the sorption is barely reversible (Kaiser and Zech, 1997; 
Avena and Koopal, 1998). Therefore, we surmise that the HA rich in carboxylic 
functionality seems to anchor to goethite surface through ligand exchange with the 
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surface hydroxyl groups of goethite surface or the carboxylate bridging with Fe ions 
present on the surface by electron donor-acceptor mechanism. 
The results of NMR analysis of the SHA and unbound HA fractions after 
adsorption on goethite (GHAs) are displayed in Figure 4.4 and Table 4.2. The NMR data 
show quantitative distribution of different carbon moieties in the SHA and GHAs. The 
following major spectral bands were identified and integrated (Kang and Xing, 2005): 0 ~ 
50 ppm, mainly aliphatic or paraffinic carbons; 50 ~ 60 ppm, methoxy groups; 60 ~ 96 
ppm, -CH20- groups; 96 ~ 108 ppm, anomeric groups; 108 ~ 145 ppm, aromatic groups; 
145 ~ 162 ppm, phenolic groups; 162 ~ 220 ppm, carboxylic groups and carbonyl groups. 
Integration results showed that paraffinic C content did not have a significant 
difference between SHA and GHAs, which revealed that aliphatic structures alone 
probably have little influence on the sorption of HA to mineral surfaces. Preferential 
exclusion of alkyl C has been observed for sorptive interaction of NOM with hydrous 
oxide (McKnight et al., 2002; Kaiser, 2002). However, the 13C NMR spectra of GHAs 
(Figure 4.4 and Table 4.2) exhibit that the amount of aliphatic carbon groups with oxygen 
(50 ~ 108 ppm), including the methyl ether and carbohydrate carbon, diminished after 
adsorption (Figure 4.4 and Table 4.2). This finding indicates that hetero-aliphatic carbons, 
aliphatic alcohol, and carbohydrate moieties preferentially adsorbed to goethite, which is 
supported by previous reports that the preferentially adsorbed hetero-aliphatic fractions 
can be more reactive and form more stable complexes with metal cations (McKnight et 
al., 1992; Gu et al., 1995). In addition, aromatic C fractions (108 ~ 145 ppm) of HA are 
likely to remain in the solution after adsorption, while the content of phenolic C fractions 
(145 ~ 162 ppm) derived from lignin apparently decreased in the supernatant after HA 
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sorption to goethite. Aromatic structures alone probably have little influence on the 
sorption of organic matter to mineral surface (McKnight et al., 2002; Kaiser and Zech, 
1997; Kaiser and Guggenberger, 2000), however, aromatic moieties with carboxyl and 
other functional groups have been recognized as structural units strongly involved in the 
sorption of organic matter. In our study, the contents of carboxylic and carbonyl groups, 
possibly attached to aromatic and/or aliphatic moieties, reduced after coating. 
Furthermore, the sorption of benzene carboxylic acids to goethite increases with the 
number of carboxyl functional groups (Evanko and Dzombak, 1998). Therefore, the 
adsorbed FIA fractions likely composed of the high number of acidic groups attached per 
aromatic and aliphatic moieties, which is involved in ligand exchange that may be one of 
the important surface complexation mechanisms of HA on goethite surface. Therefore, 
we propose that the acidic functional moieties may first complex to the goethite surfaces, 
then hydrophobic interactions through association of the long aliphatic chains and/or 
larger aromatic ring structures lead to additional sorption (Kang and Xing, 2007). 
DRIFT spectra emphasize speciation and adsorption modes of HA upon sorption 
on mineral surfaces. The band features of the spectra of SHA are at 2928 and 2847 cm 1 
for aliphatic C-H stretching and at 1707 and 1578 cm 1 for carboxylic C=0 stretching 
(Figure 4.5) (Gu et al., 1995; Wander and Traina, 1996). The absorption bands at 1442 
and 1371 cm 1 are assigned to the coupled C-O stretching and OH in plane bending 
vibration ot the carboxylic acid moieties of HA, respectively. Phenolic and aliphatic 
alcohol fractions were observed by the presence of a strong shoulder around 1250 and 
1070 cm'1, respectively (Wander and Traina, 1996). 
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Noticeably, by comparison with SHA, the stretching band of carboxylate COO of 
the adsorbed HA fractions onto goethite (GHCs) is shifted from 1707 and 1578 to 1664 
and 1552 cm' , respectively, indicating that COO functional groups of HA may have 
complexed with goethite surfaces (Figures 4.5 and 4.6). Furthermore, a new band around 
1400 cm 1 appeared by the complexation between COO of HA and Fe on goethite 
surfaces (Figure 4.6), which was supported by the fact that a strong absorption band at 
1400 cm'1 appeared when organic matter interacted with Fe to form complexed with 
goethite (Gu et al., 1995; Fu and Quan, 2006). The peak at 1552 cm 1 of GHCs in Figure 
4.6 most likely represents an inner-sphere adsorption mode for carboxylic acid by 
goethite (Persson and Axe, 2005). A previous study reported that the outer-sphere 
adsorption mode of organic acid sorption onto clay minerals may change to inner-sphere 
complexation by dehydration (Kang and Xing, 2007) which was investigated with slight 
peak shifts of asymmetric vibration of COO from 1590 cm'1 to 1550 cm'1. Therefore, we 
suggest that the electrostatic or the outer-sphere adsorption of the HA on goethite surface 
would occurs first, followed by relatively strong bonding, inner-sphere complexation 
between carboxylic groups of the HA and the surface. 
Another important observation is that the peak intensity of the bands at 1250 and 
1070 cm 1 significantly diminished after HA sorption to goethite (Figure 4.5), which 
clearly indicates high affinity for phenolic OH and C-O functional groups of HA (Gu et 
al., 1995; Fu and Quan, 2006). In case of GHCs, we observed a shoulder around 1250 
cm'1 and a clear peak at 1610 cm'1 representing the C=C of aromatic moieties, which 
confirms the fact that aromatic moieties with oxygen may be an important component to 
adsorb on goethite surfaces. Compared with the SHA, the GHAs showed a relatively 
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weak band around 1070 cm1, representing carbohydrates or polysaccharide-like 
substances. The intensity reduction of this peak reveals the complexation between C-O 
functional groups of HA with goethite surfaces and/or due to the contribution of H- 
bonding mechanism. Similarly, many reported that the linear thread-like polysaccharides 
could be strongly adsorbed by oxide and aluminosilicate mineral surfaces (Persson and 
Axe, 2005; Jardine et al., 1989; Gu and Donor, 1992). Finally, due to the adsorption of 
aliphatic carbon fractions, GHAs showed slightly decreased peak intensity at 2928 cm'1 
with increasing sorption, and a weak peak at 2928 cm 1 was observed in GHCs. 
Figure 4.7 shows the MW distribution of HA during adsorption process. The 
apparent MW (MWap) of the SHA was 7.2 kDa and the MWap of the GHAs was around 
15.2 kDa. Meanwhile GHCs were relatively small MWap (4.5 kDa) and high MWap (35 
kDa) fractions (Figure 4.7). Adsorbed amount of the small MWap fraction was higher 
than one of the high MWap fraction, which implies that small MWap HA fraction 
preferentially adsorbed onto goethite surface. Adsorbed HA with relatively small MWAp 
(4.5 kDa) differed from previous reports that high MWap organic materials preferentially 
adsorbed onto clay minerals. However, the MWap ranges of the preferentially adsorbed 
organic material in their studies were between 1 kDa and 10 kDa (Meier et al., 1999; Hur 
and Schlautman, 2003; Chorover and Amistadi, 2001; Wang et al., 1997; Jardine et al., 
1989), thus the 4.5 kDa HA is within these MWAp ranges. 
The Mn and Mw of GHAs were calculated from absorbance at 254 nm of the UV 
detector (Table 4.3). The Mw of GHAs was very similar to that of the SHA because the 
change of Mw may result from distribution of high MW fractions. Thus, the adsorption of 
high MWap HA fractions (> 20 kDa) may be quite low in comparison to relatively small 
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MWAp HA fractions (around 5 kDa). Meanwhile, M„ of the GHAs was higher than that of 
SHA due to high adsorption of the relatively small MWAp fractions onto goethite. The 
change of Mw and M„ resulted in the reduction of the polydispersity (p) of GHAs, which 
implies the fractionation of different MWAp HA fractions (Table 4.3). In addition, the 
polydispersity of GHCs increased from 4.25 of SHA to around 6 ~ 9, which reveals that 
goethite provided adsorption sites of HA with various MW ranges. 
Fluorescence detection at a specific excitation/emission (Ex/Em) wavelength has 
been employed in HPSEC separation and characterization of organic matter (Hur and 
Schlautman, 2003; Wu et al., 2003). Generally, fluorescence signals in organic matter can 
be classified into three types of fluorophoric groups. One of the three groups usually has 
maximum Ex < 305 nm and maximum Em < 350 nm, which is related to aromatic amino 
acids, and is often referred to as protein-like fluorescence (Mopper and Schultz, 1993; 
Coble, 1996). The other two groups with Ex and Em wavelengths ranging from 300 to 
600 nm are attributed to humic substances, with humic acid fluorescing at longer Ex/Em 
wavelengths and fulvic acid at shorter wavelengths, referred to as humic-like and fulvic- 
acid fluorescence, respectively (Wu et al., 2003; Mopper and Schultz, 1993; Coble, 1996; 
Baker, 2002). In our study, we employed a specific fluorescence at Ex/Em 467/548 nm, 
which is representative for humic-like fluorescence wavelengths (Wu et al., 2003), to 
separate HA and calculate the MW of HA. It was observed that both M„ and Mw of HAs 
obtained by fluorescence were significantly smaller that those by UV detector (Table 4.3). 
HPSEC chromatograms from the fluorescence detector had a distribution of molecular 
Ex/Em of humic-like fluorophore at 467/548 nm. For instance, a recent study reported 
that UV mode can detect wide ranges of organic matter fraction including large MWAp 
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fractions, such as proteins, which has very strong signal at Ex/Em 280/325 nm and 
negligible at Ex/Em 350/470 nm (Maie et al., 2007). They also showed that the MWAp of 
humic associated phenolic compounds was dominant around 7.6 kDa, which supports our 
results. Thus, humic-like fractions prefer to adsorb onto goethite in comparison with large 
size protein fractions (> 20 kDa). Banaitis et al. (2006) reported that the sorption extents 
of tryptophan-like and tyrosine-like components onto goethite are distinctively lower than 
that of humic-like fractions. 
The abundance of acidic functional groups and aromatic carbon was higher with 
relatively small size fractions, whereas a higher content of aliphatic structure was 
observed for larger size fractions (Shin et al., 1999). Therefore, preferential sorption of 
relatively small size fractions (2 kDa), observed in fluorescence mode, may be associated 
more with ligand exchange and/or electrostatic attraction through acidic functional 
groups of aromatic fractions, whereas adsorption of larger size fractions (> 5 kDa) from 
UV mode may be more dependent on hydrophobic interactions. Since a greater 
contribution of ligand exchange and/or electrostatic attraction is expected in the goethite 
system, the adsorption of small MW fractions having more acidic functional groups 
seems to surpass the adsorption of higher MW fractions primarily governed by 
hydrophobic interactions. 
4.5. Conclusion 
The HA sorption by goethite in this study significantly depends on solution pH; 
acidic condition yielded higher sorption capacity, but sorption decreased with increasing 
pH. HA molecules underwent fractionation during adsorption on goethite surface. So far, 
it has been reported that high MW and hydrophobic fractions prefer to adsorb to goethite. 
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However, the decreased polarity of the remaining HA fractions obtained after coating 
hints adsoiption of hydrophilic fractions of the original HA. DRIFT showed that goethite 
provided sorption sites for carboxylic carbons. Carbohydrate carbons were main fractions 
to adsorb by goethite from NMR results. We suggest that the process for adsorption of 
HA occurred in following steps: (1) electrostatic attraction or outer-sphere complexation 
of the polar functional moieties on relatively small and intermediate MW HA fractions 
(MWap = 4.5 kDa) on goethite surface; (2) ligand exchange of carboxylic group of the 
HA to yield inner-sphere complexes; (3) hydrophobic interactions on HA-goethite 
complex that can provide new hydrophobic sorption site for high MW HA fractions 
(MWAp = 35 kDa) with condensed aromatic or long chain aliphatic moieties. Adsorbed 
SOM may influence sorption characteristics of minerals, and inhibit dissolution and 
weathering of mineral (Wang and Xing, 2005; Yoon et al., 2005; Golubev et al., 2006). 
In addition, SOM chemically adsorbed on mineral surfaces can resist against 
chemical/biological degradation (Wagai and Mayer, 2007; Kaiser and Guggenberger, 
2007), which has significant implication for global carbon cycling. 
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Table 4.1. Elemental compositions, atomic ratios, polarity index, E2/E3 and E4/E6 ratios 
of the source HA (SHA) and the unbound HAs (GHAs) after coating by goethite. 
Sample Ca (%) Ha (%) N a (%) Oa (%) Ash (%) H/C O/C (N+0)/C E2/E3b E4/E 
SHA 53.1 4.5 2.8 39.6 1.2 1.02 0.56 0.60 7.51 ±0.12 8.74 ± 
GHA1C 55.2 5.3 2.3 37.2 2.6 1.15 0.51 0.54 6.79 ±0.07 7.91 ± 
GHA2 55.9 5.7 1.9 36.5 2.9 1.22 0.49 0.52 6.69 ± 0.02 7.03 ± 
GHA3 55.4 5.1 2.1 37.4 3.1 1.10 0.51 0.54 6.56 ±0.09 6.71 ± 
GHA4 56.9 5.4 2.4 35.3 3.2 1.14 0.47 0.50 6.12 ±0.05 6.38 ± 
“Values are on an ash-free basis 
C/H: Atomic ratio of carbon to hydrogen 
C/O: Atomic ratio of carbon to oxygen 
(N+0)/C: Atomic ratio of sum of nitrogen and oxygen to carbon 
E2/E3 of humic acid is the ratio of the absorbance at 254 nm to that at 365 nm 
E4/E6 of humic acid is the ratio of the absorbance at 465 nm to that at 665 nm 
SHA: Source humic acid 
GHA: Unbound humic acid after coating by goethite 
bMean of ten replicates ± standard deviation 
cNumber is the sequence of adsorption 
96 
Table 4.2. Integration results of solid-state l jC-NMR spectra of the source HA (SHA) and 
the unbound HAs (GHAs) after coating by goethite. 
Sample 
Distribution of C chemical shift (ppm), % 
Aliphatic 
C,% 
Aromatic 
C,% 
Aliphaticity 
(%) 0- 
50 
50- 
60 
60- 
96 
96- 
108 
1 OS- 
145 
145- 
162 
162- 
220 
SHA 15.80 5.85 14.32 5.79 28.38 12.58 17.28 41.76 40.96 50.5 
GHA1 15.61 5.30 14.05 5.51 30.71 12.24 16.59 40.47 42.95 48.5 
GHA2 15.36 4.96 13.76 5.33 32.07 12.27 16.25 39.41 44.34 47.1 
GHA3 15.33 5.02 13.53 5.32 33.19 12.04 15.57 39.20 45.23 46.4 
GHA4 15.27 4.79 12.61 4.96 35.41 11.81 15.15 37.63 47.22 44.3 
GHA: Unbound humic acid after coating by goethite 
Aliphatic C = Total aliphatic carbon region (0 ~ 108 ppm) 
Aromatic C = Total aromatic carbon region (108 ~ 162 ppm) 
Aliphaticity = Aliphatic C (0 ~ 108 ppm)/Sum of aliphatic C and aromatic C (0 ~ 162 ppm) 
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Table 4.3. Mw, M,u and polydispersity (p) of the source HA (SHA) and the unbound HAs 
after coating by goethite (GHAs), and the goethite-HA complexes (GHCs) at 254 nm of 
UV and Ex/Em 467/548 nm of fluorescence. 
Humic Acid, kDaltona 
SHA GHA1 GHA2 GHA3 GHA4 
At 254 nm 
of UV 
Mn 5.6 ±0.3 10.8 ±0.2 7.4 ±0.3 6.9 ±0.3 7.3 ±0.2 
Mw 23.8 ±5.4 23.1 ±0.4 23.0 ±0.5 23.3 ±0.4 23.7 ±0.4 
P 4.3 ±0.2 2.1 ±0.2 3.1 ±0.2 3.4 ±0.2 3.2 ±0.2 
At Ex/Em Mn 1.3 ± 0.1 2.8 ± 0.1 1.7 ± 0.1 1.6 ± 0.1 1.7 ± 0.1 
467/548 nm of Mw 6.4 ±0.2 7.6 ±0.2 7.6 ±0.2 6.9 ±0.2 6.8 ±0.2 
fluorescence P 5.0 ±0.2 2.7 ±0.3 4.4 ±0.1 4.3 ±0.1 4.1 ±0.1 
Goethite-HA Complex, kDaltona 
GHC1 GHC2 GHC3 GHC4 
At 254 nm 
Mn 2.9 ±0.1 2.7 ±0.2 2.6 ±0.2 2.2 ±0.1 
Mw 19.2 ±0.3 
of UV 
20.0 ±0.5 18.3 ±0.5 17.1 ±0.3 
P 6.7 ±0.3 7.5 ±0.5 7.1 ±0.4 7.7 ±0.2 
At Ex/Em 
Mn 1.1 ±0.2 1.2 ± 0.1 1 .1 ±0.2 0.9 ±0.1 
467/548 nm of Mw 3.7 ±0.2 4.0 ±0.2 3.7 ±0.3 4.0 ±0.3 
fluorescence P 3.5 ±0.3 3.4 ±0.2 3.5 ±0.4 4.3 ±0.3 
J Mean of five replicates ± standard deviation 
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Source HA (SHA) 
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(Goethite) 
1 r ▼ 
1st complex (GHC1) lSt h 
Fresh 
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r ▼ 
2nd complex (GHC2) 2nd f 
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adsorbent 
1 r ▼ 
3rd complex (GHC3) 3rd Y 
Fresh 
adsorbent 
r ▼ 
4lh complex (GHC4) 4th H 
Acidification/ 
-► Unbound 1st HA (GHA1) 
Acidification/ 
Freeze-dried 
► Unbound 2nd HA (GHA2) 
Acidification/ 
Freeze-dried 
► Unbound 3rd HA (GHA3) 
Acidification/ 
Freeze-dried 
► Unbound 4th HA (GHA4) 
Figure 4.1. Flow chart of the preparation of humic acid-goethite complex. 
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Figure 4.2. Calibration curve obtained by linear regression between log(MW) and 
retention time of the standard polymers. 
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♦ pH 5 
Qo = 5.61 mg C/g 
b = 0.65, R2 = 0.99 
■ pH 7 
Qo = 4.23 mg C/g 
b = 0.23, R2 = 0.98 
A pH 9 
Qo = 3.75 mg C/g 
/> = 0.06, R2 = 0.95 
Equilibrium concentration (Ce, mg C/L) 
Figure 4.3. Adsorption isotherm of HA on goethite. Maximum sorption capacity (Qo) and 
parameter b were calculated from Langmuir sorption model. Qo and b values among the 
treatments are significant difference at the p = 0.01 level using the F-test. 
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Aromatic C Anomeric C 
(108- 145) (96- 108) 
Figure 4.4. Solid-state 13C NMR spectra for the source HA (SHA) and the two 
representative unbound HAs (GHAs) after coating on goethite. 
102 
1442 
Wavenumber (cm1) 
Figure 4.5. DRIFT spectra of the source HA (SHA) and unbound HAs (GHAs) after 
coating on goethite. 
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Wavenumber (cm'1) 
Figure 4.6. DRIFT spectra of goethite-FIA complexes (GHCs) obtained from sequential 
sorption. The spectral range was from 1000 to 2000 cm 1 due to interference from Fe-0 
stretching peaks below 1000 cm'1 and weak peaks over 2000 cm'1. 
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Figure 4.7. Comparison of molecular weight distribution of HA before adsorption (SHA), 
remaining in solution after adsorption (GHAs, dark curve) and (by difference) adsorbed 
to the surface (light gray curve) with absorbance at 254 nm of UV and Ex/Em 467/548 
nm of fluorescence. 
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CHAPTER 5 
ADSORPTION OF DICARBOXYLIC ACIDS BY CLAY MINERALS 
AS EXAMINED BY IN SITU ATR-FTIR AND EX SITU DRIFT 
5.1. Abstract 
The adsorption of dicarboxylic acids by kaolinite and montmorillonite under 
different pH conditions was investigated using in situ attenuated total reflectance Fourier 
transformed infrared (ATR-FTIR) and ex situ diffuse reflectance infrared Fourier 
transformed (DRIFT) spectroscopy. The sorption capacity of montmorillonite was greater 
than that of kaolinite. Adsorption of dicarboxylic acids (succinic acid, glutaric acid, 
adipic acid, and azelaic acid) was the highest at pH 4 as compared with those at pH 7 and 
9. These results indicate that sorption is highly pH dependent and related to the surface 
characteristics of minerals. The aliphatic chain length of the dicarboxylic acids strongly 
influenced the sorption amount at acidic pH, regardless of the clay mineral species: 
succinic acid [HOOC(CH2)2COOH] < glutaric acid [HOOC(CH2)3COOH] < adipic acid 
[HOOC(CH2)4COOH] < azelaic acid [HOOC(CH2)7COOH]. In situ ATR-FTIR analyses 
revealed that most samples tended to exhibit outer-sphere adsorption with the mineral 
surfaces at all tested pHs. However, inner-sphere coordination between the carboxyl 
groups and mineral surfaces at pH 4 was dominant from DRIFT analysis with freeze- 
dried complex samples. The complexation types, inner- or outer-sphere, depended upon 
dicarboxylic acid species, pH, mineral surfaces, and solvent conditions. From the 
experimental data, we suggest that organic acids in an aqueous environment prefer to 
adsorb onto the test minerals by outer-sphere complexation, but inner-sphere 
complexation is favored under dry conditions. Thus, organic acid binding onto clay 
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minerals under dry conditions is stronger than that under wet conditions, and we expect 
different conformations and aggregations of sorbed organic acids as influenced by 
complexation types. In the environment, natural organic material (NOM) may adsorb 
predominantly on positively charged mineral surfaces at the aqueous interface, which can 
convert into inner-sphere coordination during dehydration. The stable NOM/mineral 
complexes formed by frequent wetting-drying cycles in nature may resist 
chemical/microbial degradation of the NOM, which will affect carbon storage in the 
environment and influence the sorption of organic contaminants. 
5.2. Introduction 
Carboxylates, which originate from both natural and anthropogenic sources, form 
an important class of ligands in aquifers and soils (Szmigielska et al., 1995; Sun and Sun, 
2001). Because of their ability to form complexes in solution and at surfaces, the sorption 
of carboxylates significantly modifies the surface properties of clay minerals. The 
conformational structure of adsorbed organics on mineral surfaces can also affect the 
distribution of nonpolar organic contaminants between the dissolved and adsorbed phases 
(Angove et al., 2002; Wang and Xing, 2005), which can control the fate of hydrophobic 
organic compounds (HOCs) in the environment (Laor et al., 1998; Wang et al., 2005). 
Sorption of organic chemical by clay minerals can decrease its chemical/biological 
degradation (Hayes et al., 1988), which has significant implications for global carbon 
cycling (Huygens et al., 2005; Jobbagey and Jackson, 2000). Also, adsorbed organic 
material may play an important role in catalyzing the dissolution of minerals, as 
metal/organic complex formation increases the solubility of metals (Johnson et al., 2004; 
Yoon et al., 2004). 
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Extensive work has been done to characterize the type(s) and structure(s) of 
surface complexes of humic substances or relatively simple organic acids with minerals 
(Wang and Xing, 2005; Duckworth and Martin, 2001; Evanko and Dzombak, 1999; Feng 
et al., 2005, Fillius et al., 1997; Johnson et ah, 2004; Vermeer et ah, 1998). Complexation 
structures can be classified by Fourier transform infrared spectroscopy (FTIR) (Yoon et 
ah, 2004; Dobson and McQuillan, 1999; Hind et ah, 2001; Hug, 1997; Hug and 
Sulzberger, 1994; Persson and Axe, 2005). Diffuse reflectance infrared Fourier transform 
(DRIFT) and attenuated total reflectance Fourier transform infrared (ATR-FTIR) 
spectroscopy have been widely used to investigate the surfaces of solid particles 
(Duckworth and Martin, 2001; Johnson et ah, 2004; Kirwan et ah, 2003; Klug and 
Forsling, 1999; Kubicki et ah, 1999). From a characterization study of organo-clay, 
several different surface coordination modes have been proposed (Hug, 1997; Parfitt et 
ah, 1977; Biber and Stumm, 1994; Ali and Dzombak, 1996; Ainsworth et ah, 1998; 
Evanko and Dzombak, 1998; Persson et ah, 1998). As shown in Figure 5.1, structures (a) 
and (b) are the proposed structures of monodentate complexation and structures c) and 
(d) are bidentate structures. In contrast, there is no chemical bonding in outer-sphere 
complexation (e). Carboxylate complexation to mineral surfaces has been widely 
investigated, and several different surface coordination modes have been proposed 
(Fillius et ah, 1997; Johnson et ah, 2004; Ali and Dzombak, 1996). In the majority of 
these investigations, some type of inner-sphere complex (i.e., a complex with a direct 
bond between the carboxylate group and the surface metal ion) has been inferred to 
explain the adsorption reactions. However, recent in situ IR spectroscopic studies have 
revealed that ligands such as o-phthalate, trimellitate, and pyromellitate can be 
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simultaneously present as outer-sphere and inner-sphere surface complexes (Nordin et al., 
1997; Boily et ah, 2000). Two adsorbed complexes were identified between phthalate and 
goethite; an outer-sphere complex involving deprotonated phthalate ions was dominant 
above pH 7, while an inner-sphere complex was more significant at acidic pH (Persson et 
ah, 1998). 
Although previous work has identified the possible types and structures of surface 
complexes of relatively simple organic acids at mineral/aqueous interfaces, the binding 
mechanism of natural organic matter (NOM) onto minerals in the environment is still not 
fully understood. In soil, dissolved or suspended NOM can be dried after adsorption onto 
minerals, which may change the structure of the NOM/mineral complex that occurred in 
the aqueous phase. An understanding of conformational change due to dehydration of the 
NOM/mineral complexes is crucial with respect to predicting their bioavailability and 
transport as well as the environmental fate of HOCs. Further, wetting-drying cycles occur 
constantly in soils and sediments. Sulfate adsorbs as a bidentate bridging or monodentate 
surface complex at the iron(hydr)oxide/water interface (Paul et ah, 2005). Upon surface 
dehydration, sulfate changes its speciation to form bidentate bridging and/or monodentate 
bisulfate (Paul et ah, 2005). So far, there is no report on the change of coordination of 
NOM or small organic acids on clay minerals, such as kaolinite and montmorillonite, 
upon hydration or dehydration. To obtain information on the nature of the interactions 
between NOM and clay mineral surfaces, we investigated the interaction of a series of 
carboxylic acids as analogues of NOM with two types of mineral/water or mineral/air 
interfaces. The series of dicarboxylic acids (carbon number < 9) used in this study are 
low molecular weight organic compounds that are abundant in nature due to secretion by 
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plant roots, bacteria, and fungi in the rhizosphere (Szmigielska et al., 1995; Sun and Sun, 
2001). Two different types of clay minerals were used as the model adsorbents: kaolinite 
and montmorillonite. Adsoiption studies on the minerals with the same ligands can thus 
reflect changes in the chemical behavior due to each type of surface group. 
5.3. Materials and Methods 
5.3.1. Chemicals and Materials 
Kaolinite and montmorillonite represent a nonexpanding 1:1 layered silicate 
mineral and an expanding 2:1 layered silicate mineral, respectively. They were purchased 
from Fluka. We used Na+ saturated kaolinite and montmorillonite prepared by repeatedly 
saturating them with 0.5 M NaCl solutions and then washing them with deionized water 
until chloride ions could not be detected using the AgNCb method (Wang and Xing, 
2005). Finally, the suspension was centrifuged, freeze-dried, gently ground, and then 
stored for sorption experiments. Mineral surface areas were determined using the N2 
Brunauer-Emmett-Teller (BET) method (kaolinite, 19 m7g and montmorillonite, 298 
m“/g). The series of dicarboxylic acids (Table 5.1) in this study were purchased from 
Fluka and used without further treatment. 
5.3.2. Sorption Experiments 
Several series of batch sorption experiments were conducted with each sorbate 
using 0.25 mM concentrations of the dicarboxylic acids and several pH conditions in 
CaCF or NaCl solution at desired concentrations. All adsorption experiments were 
conducted in triplicate and carried out in borosilicate glass vials at room temperature. To 
equilibrate the clay suspension, 15 ml of background solution was added into the vial 
containing 75 mg of the clay mineral and then the vial was rotated for 24 h without any 
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pH adjustment. After 24 h of equilibration, the suspension was centrifuged for 20 min at 
10000 rpm and the supernatant was discarded. A volume of 15 ml of adsorbate solution 
was then added to the centrifuged clay mineral paste. The suspension pHs were adjusted 
with diluted NaOH or HC1 using an Accumet model 510 combination pH electrode and 
re-adjusted every 24 h. The samples were rotated on a Roto-Torque for 96 h. A 
preliminary study showed that continued mixing beyond 48 h did not significantly affect 
the sorption. After equilibration, the vials were removed from the rotator and the pH of 
the supernatant was measured. The vials were centrifuged for additional separation of the 
fine particles from the supernatant, and the supernatant was withdrawn with a plastic 
syringe and filtered through a 0.2-pm polycarbonate membrane filter. The aqueous phase 
concentration of the organic acids was measured with a total organic carbon analyzer 
(Shimadzu TOC-V/TN). A calibration curve relating the concentration of the test 
compounds and the carbon content of the adsorbates was obtained using a wide range of 
adsorbate concentrations. 
5.3.3. Carboxylic acid/clay complex 
A flow chart for the preparation of the dicarboxylic acid/mineral complex for IR 
analysis is presented in Figure 5.2. All reactions of dicarboxylic acids with the clay 
minerals were conducted in acid-washed 50-ml polypropylene centrifuge tubes. A 
volume of 45 mL of 25 mM dicarboxylic acid in 0.01 M CaCf at a desired pH (4, 7, or 9) 
was added to the centrifuge tube with 250 mg of the clay. The suspension was 
equilibrated and adjusted to the desired pH with diluted NaOH or HC1 every 24 h. After 
shaking for 48 h, the organic acid/clay mineral suspension was centrifuged for 20 min at 
10000 rpm to separate the supernatant and pastelike organic acid/clay mineral complex. 
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The supernatant was filtered through 0.2-pm polycarbonate filters for further analysis. 
The precipitated complex was washed with the background solution (0.01 M CaCf 
solution at an equivalent pH) several times to remove unbound dicarboxylic acid. The 
washed complex was divided into two parts: one was the paste complex, analyzed with 
ATR-FT1R, and the other was the dried complex prepared by freeze-drying which was 
analyzed with DRIFT. The dried complex sample (100 mg) was added to 18 mL of the 
background solution. The suspension was rotated on a Roto-Torque for 48 h, followed by 
centrifugation for 20 min at 10000 rpm to obtain the paste of the dicarboxylic 
acid/mineral complex, which was again analyzed with ATR-FTIR. A part of the paste 
complex was again freeze-dried for further DRIFT analysis to examine the effect of 
rewetting. 
5.3.4. IR spectroscopy 
A Perkin-Elmer Spectrum One FTIR spectrometer, equipped with a lithium 
tantalate (LiTaCE) detector and a one-reflection horizontal ATR accessory with a 
diamond/ZnSe crystal (Shelton, CT), was used to collect all ATR-FTIR spectra. Data 
collection and spectral calculations were performed using the Spectrum software package 
(Perkin-Elmer). A spectrum was obtained by collecting 500 scans with a spectral 
resolution of 4 cm'1 between 650 and 4000 cm"1 and a scan speed of 0.5 cm/sec. 
Both the solution samples and wet pastes were applied directly to the 
diamond/ZnSe crystal, and the sample-holding region was covered with a 1.8-mL vial to 
hinder evaporation during ATR-FTIR measurements. For the suspension samples, a small 
volume of background solution was added on top of each paste as a further precaution 
against evaporation. All ATR-FTIR spectra obtained for both solution samples and wet 
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pastes were dominated by the strong infrared absorbance of water, as is typically 
observed for aqueous-based ATR-FTIR measurements (Hind et al., 2001). To isolate the 
spectrum of the ligand at the water/mineral interface, a subtraction procedure was 
necessary, of which the most critical step is to correctly remove the water peak 
originating from the bending motion of the bulk water. The empty cell spectrum was first 
subtracted from the supernatant and wet paste spectra, after which the resulting 
supernatant spectrum was subtracted from the corresponding paste spectrum. In this step, 
the subtraction of the water peak was accomplished by using an appropriate subtraction 
factor of the supernatant spectrum; the subtraction factor was always close to 1 (0.90- 
1.03). Finally, the spectrum of the clay mineral with no ligand present was subtracted in 
order to further enhance the signal of the adsorbed organic ligand over the bulk mineral 
and to facilitate the quantitative peak evaluation. For each dicarboxylic acid standard 
sample, the unwanted spectral response of water was removed by subtracting the ATR- 
FTIR spectrum of a 0.01 M CaCri solution measured at the applicable pH. 
Samples subjected to ATR-FTIR study were also examined after drying by 
DRIFT spectroscopy to evaluate the effects of drying on the structure of interfacial 
dicarboxylic species. The DRIFT spectra were recorded with a Perkin-Elmer Spectrum 
One FTIR spectrometer, equipped with a lithium tantalate (LiTaCE) detector and a 
DRIFT accessory (Shelton, CT). The freeze-dried complex (5 mg) was mixed gently with 
95 mg of KBr using a pestle and mortar and then analyzed by DRIFT spectroscopy. The 
pure KBr powder was used as a background. DRIFT spectra were recorded from 450 to 
4000 cm'1 at 2 cm'1 resolution over 500 scans. All absorption spectra were converted to 
the Kubelka-Munk function using Spectrum software (Perkin-Elmer). The DRIFT 
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spectrum of the dicarboxylic acid/clay mineral complex was obtained from subtracting a 
spectrum of the reference mineral without any adsorbed organic acid. 
5.4. Results and Discussion 
5.4.1 Quantitative analysis for carboxylic acid sorption by minerals 
Figure 5.3 shows that montmorillonite had a higher azelaic acid adsorption 
capacity than kaolinite. The extent of azelaic acid adsorbed by kaolinite was about one- 
third of that adsorbed by montmorillonite because montmorillonite has higher surface 
area (298 m2/g) than kaolinite (19 m2/g). The sorption of dicarboxylic acid to kaolinite 
was strongly pH-dependent: the sorption increased with decreasing pH (Figures 5.3and 
5.4a). This distinctive behavior has been noted previously for the organic acid/kaolinite 
system (Angove et al., 2006; Ward and Brady, 1998). Both the increase in adsorption at 
low pH and the decrease in adsorption at high pH can be explained by considering the 
electrostatic interactions between the carboxylic acid species and the surface sites. 
Similar to kaolinite, azelaic acid sorption by montmorillonite was also influenced by pH 
(Figures 5.3 and 5.4b), though the mineral has mainly pH-independent charged surfaces, 
and the adsorption was quite low at high pH as compared to that at acidic conditions. 
Therefore, electrostatic interactions can be regarded as one of the surface complexation 
modes, though the electrostatic contribution to the free energy of adsorption is relatively 
small (Davis, 1982). A negatively charged surface causes the oxygen atoms on the 
mineral surface to be tightly bound and thus less likely to exchange with acidic functional 
groups in solution (Evanko and Dzombak, 1998). As the pH decreases, neutral and 
positively charged surface sites are formed, and the metal-oxygen bond is weakened due 
to a decreased electron density of the bond. Therefore, the complexation by ligand 
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exchange at acidic pH may be one of the binding mechanisms for azelaic acid by 
kaolinite and montmorillonite in this study, which agrees with the spectroscopic evidence 
discussed later. 
Electrolyte concentration and species are important factors to control the 
adsorption of anionic adsorbates by minerals (Fillius et al., 1997; Celi et al., 2001). The 
effect of electrolyte concentration is almost undetectable for strongly adsorbing anions, 
such as phosphate, selenite, and molybdate (Hayes et al., 1988; Zhang and Sparks, 1990), 
whereas ionic strength has a pronounced influence on weakly adsorbing anions, such as 
sulfate and selenate (Hayes et al., 1988). In our study, raising the background electrolyte 
concentration reduced the sorption of azelaic acid (Figure 5.4) because of diminished 
solution activity of the adsorbing species and decreased positive potential in the plane of 
adsorption at pH < pHzpc (Dzombak and Morel, 1990). This potential determines the 
degree of electrostatic attraction between the surface groups and adsorbates, but it has 
less effect on adsorption as the intrinsic affinity of the adsorbate for the surface increases. 
The ionic strength effect, therefore, is largely a measure of the relative contribution of 
Coulombic forces to the overall change in free energy associated with the adsorption 
process. Electrolyte species also affected the sorption of azelaic acid by kaolinite and 
montmorillonite (Figure 5.4), but their influences were not as strong as those of ionic 
2_j_ 
strength or pH. In the case of organic adsorption by goethite, a divalent electrolyte (Ca^ ) 
was more efficient than a monovalent cation (K+) because the divalent electrolyte may 
cause a surface excess positive charge of goethite even at pH 11 (Celi et al., 2001). 
Meanwhile, in the presence of the electrolyte, the excess positive charge decreases as the 
pH increases (Celi et al., 2001). This can be used to explain the result that azelaic acid 
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sorption in CaCl2 solution was higher than that in NaCl solution. In addition, cation 
bridges and water bridges enhance the interactions between the minerals and azelaic acid 
in the presence of the divalent cation, which is more effective than monovalent Na at 
bridging the mutually repulsive negative charges (Dzombak and Morel, 1990). 
The aliphatic chain length of the dicarboxylic acids highly influenced the 
adsorption amount: succinic acid [HOOC(CH2)2COOH] < glutaric acid 
[HOOC(CH2)3COOH] < adipic acid [HOOC(CH2)4COOH] < azelaic acid 
[HOOC(CH2)7COOH] (Figure 5.5), which shows that hydrophobic interaction can be one 
of the adsorption modes between organic acid molecules and clay minerals. Sorption of 
long-chain fatty acids was observed to occur partially by surface complexation, but 
hydrophobic interaction was also determined to play a significant role in the sorption of 
the compounds with eight or more carbon chains (Ulrich et al., 1988). Hydrophobic 
sorption by oxide minerals has also been observed for aromatic ring compounds 
(Vasudevan and Stone, 1996). This hydrophobic contribution is likely to be of increased 
importance for compounds with longer aliphatic chains and/or larger ring structures. In 
conclusion, we propose that the organic acids in our study may first complex to the 
mineral surfaces through the carboxylic group, and then the hydrophobic interactions 
through association of the long aliphatic chains lead to additional sorption. In addition, 
the sorption of the dicarboxylic acids may be affected by their carbon chain conformation. 
For example, relatively long chain adsorbates can exhibit high molecular flexibility, 
which allows the formation of multidentate looped surface structures, thus forming side- 
on complexed species through ester linkages involving each of the carboxylate functional 
groups (Dobson and MaQuillan, 1999). The highest sorbed amount of azelaic acid in our 
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current study may be attributed, in part, to its carbon chain conformation on the clay 
surface. 
5.4.2. Spectroscopic analysis of dicarboxylic acids 
The characteristic peaks of the carboxylic acids and carboxylates examined in 
aqueous solution fall within expected ranges, and they are simpler than the corresponding 
solid-phase spectra (Figure 5.6 and Table 5.2). The vc=0 frequency ranges from 1709 to 
1721 cm'1, higher than the frequencies of the solids. The asymmetric (vascoo, 1547-1560 
cm'1) and symmetric (vscoo, 1395-1409 cm1) vibrations lie within the range previously 
reported for aqueous carboxylates, with the vascoo frequency being substantially lower 
than the corresponding solid-phase frequencies. Figure 5.6 shows the ATR-FT1R spectra 
of adipic and azelaic acids at three pHs and the solid pure acids. Considering the pATa 
values for the dicarboxylic acids (Table 5.1), the dominant species at pH 7 and 9 is 
2- 1 
carboxylate (L ), whereas hydrogen carboxylate (HL ') is dominant in the acidic region 
(pH 4), consistent with the spectrum features (Figure 5.6). The observed IR spectrum for 
9 1 
the IT species at pH 9 is composed of two strong peaks (around 1405 cm and 1550 cm 
!) stemming from the vscoo and vai,coo vibrations, respectively, of the carboxylate (Figure 
■y 
5.6). As the pH decreases, the IT species becomes gradually protonated, and this was 
accompanied by the appearance of new bands in the IR spectra, which showed more 
complex features due to the breakdown of the molecular symmetry of carboxylate 
because of protonation. The most significant change was the band at -1710 cm'1, which 
was absent at high pH but increased in intensity at low pH. The 1710 cm 1 band is 
characteristic of protonated carboxylate groups and is commonly assigned to a carbonyl 
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stretching vibration (vc=0) of adipic and azelaic acid at low pH (Cabaniss et al., 1998; 
Szaraz and Forsling, 2001). 
Succinic acid is a dicarboxylic acid with two CH2 groups between the two 
carboxylic groups. Table 5.2 shows the peak assignments of succinic acid in water at 
different pHs. Similar to the peak assignments for azelate at pH 9, two large bands at 
1553 and 1395 cm 1 represent vascoo and vscoo, respectively. The intensity of a strong band 
at -1553 cm'1 decreased, and a new band appeared at 1721 cm 1 that was assigned to vc=0 
as a result of the protonation of the carboxylate. The IR spectra pattern for glutaric acid 
was very similar to that of succinic acid (Table 5.2). 
5.4.3. Spectroscopic analysis of dicarboxylic acid sorption by clay minerals 
Analysis of the FTIR spectra for carboxylic acids in solution and on mineral 
surfaces gives useful information about the nature of the carboxylic acid/mineral surface 
complexes. If a carboxylic acid is strongly coordinated with a metal on a clay surface, as 
in inner-sphere complexation, there would be three common coordination modes: 
unidentate, chelating bidentate, and bridging bidentate. These can be distinguished in the 
IR spectra by their differing separations between the carboxylate asymmetric and 
symmetric stretch absorption bands (Av = vasCOo-vsCOo). Band separations are usually 350 - 
500 cm 1 for unidentate binding (Figure 5.1a), 150 - 180 cm'1 for bridging (Figures 5.1b 
and c) and 60 - 100 cm 1 for chelating (Figure 5.Id) (Alcock et al, 1976; Deacon and 
Phillips, 1980). With these general criteria, an asymmetric bidentate bridging structure 
was suggested from the adsorption study of polyacrylate on hematite (Jones et al., 1998). 
In addition, the in situ ATR-FTIR technique could discriminate between the adsorbed and 
the unadsorbed segments of adsorbed poly(acrylic acid) by comparison of the peak 
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assignments for the polymer in solution and after adsorption onto colloidal hematite 
(Kirwan et al., 2003). 
5.4.3.1. Dicarboxylic acid complexation by Kaolinite. 
Kaolinite, one of the most common aluminosilicate clay minerals, differs from 
oxides in that it has two distinctly different types of surfaces. The silicate-like faces of the 
flat hexagonal crystals carry a small but permanent negative charge, caused by 
isomorphic substitution (Ma and Eggleton, 1999), whereas at the edges of the crystal 
there are surface hydroxyl groups that are protonated at low pH but deprotonated at high 
pH, so that the net charge of the edges is pH dependent (Spositio, 1984). 
Figure 5.7a shows the ATR-FTIR spectra for adipic acid at the kaolinite/water 
interface with three different pHs and the DRIFT spectra for the dehydrated adipic 
acid/kaolinite complexes. Three major absorption bands at 1407, 1550, and 1709 cm 1 
can be seen in the spectrum of adipic acid in aqueous conditions at pH 4 (Figure 5.6a). 
Due to the interaction between adipic acid and kaolinite (Figure 5.7a and Table 5.2), the 
band at 1709 cm'1 was shifted to 1715 cm'1 because of the different bonding 
arrangements of the C=0 moiety or the surface coordination at the kaolinite surface. The 
vascoo band at 1550 cm'1 of adipic acid at pH 4 was also shifted to 1560 and 1593 cm'1. 
The 1560 cm'1 peak of adipic acid at the kaolinite/aqueous interface represents outer- 
sphere complexation, while the 1593 cm'1 peak represents inner-sphere complexation 
between the Al of kaolinite and the carboxyl group of adipic acid. Similarly, a peak at 
1559 cm'1 of the complex represents vascoo by the outer-sphere adsorption of azelaic acid 
at the y-alumina surface, and the peak at 1559 cm'1 was shifted to 1589 cm 1 by the 
formation of inner-sphere complexation (Szaraz and Forsling, 2001). 
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The peak at 1560 cm'1 became dominant and well-resolved with increasing pH, 
but it was broad at pH 4 (Figure 5.7a), indicating that outer-sphere complexation seems to 
be a major adsorption type over all pH conditions, though inner-sphere complexation was 
also present at 1593 cm 1 at pH 4. Oxalate and malonate also formed outer-sphere and 
inner-sphere surface complexes on kaolinite, and these complexes coexisted over a broad 
pH range (Persson and Axe, 2005). However, the inner-sphere complexes were favored 
by low pH, while the relative concentration of the outer-sphere species increased with 
increasing pH because oxalate and malonate complexe with iron (III) in a five-membered 
ring, yielding more stable complexes at acidic pH values (Persson and Axe, 2005). 
Similar to previous reports that monodentate sulfate surface complexes on 
hematite and synthetic a-Fe2C>3 in the aqueous phase modified to monodentate bisulfate 
or bidentate sulfate upon drying (Hug, 1997; Paul et al., 2005), outer-sphere adsorption in 
our current study changed to inner-sphere coordination upon drying of the moist complex. 
The 1593 cm'1 peak became clear in the DRIFT spectra of the dried adipic acid/kaolinite 
complexes (Figure 5.7b). The peak around 1560 cm 1 at pH 7 for the kaolinite/aqueous 
interface was obviously shifted to a peak at 1593 cm 1 at the kaolinite/air interface, which 
implies that dehydration could cause changes in the coordination or speciation of an 
adsorbate on mineral surfaces. The inner-sphere coordination, however, did not change 
back to outer-sphere adsorption after soaking and shaking the dry complex in the 
background solution for 2 days, as indicated by the sharp peak at 1593 cm 1 in Figure 5.8. 
However, loosely bound adipic acid was washed away so that the peak intensity at 1715 
cm 1 dramatically decreased (Figure 5.8d and e). Therefore, the dry organic/kaolinite 
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complex was more stable than that in wet conditions, as attested by the irreversible 
adsoiption at 1593 cm'1 (Figure 5.8c-f). 
In addition to dehydration affecting the complexation type of adipic acid, pH was 
an important factor in controlling the complexation types. A small peak at 1593 cm 1 was 
shown at the aqueous interface at pH 4, but there was no clear peak for the inner-sphere 
coordination at pH 7 and 9 (Figure 5.7a). Also, a broad peak at -1560 cm 1 of adipic acid 
at pH 7 was separated into two peaks, 1593 and 1560 cm'1, after drying the complex. The 
peak intensity of 1593 cm 1 at pH 4 at the air interface was higher than that at pH 7. Thus, 
acidic pH provides better environmental conditions for surface complexation by ligand 
exchange than alkali pH. 
The IR spectra (Figure 5.9a) of glutaric acid at kaolinite/aqueous interface at all 
pHs exhibited peaks at -1410 and 1565 cm 1 and a shoulder at 1585 cm'1 at only pH 4. 
However, the glutaric acid/kaolinite complex at the air interface showed new peaks at 
1585 and 1560 cm 1 (Figure 5.9b). Therefore, dehydration changed the coordination type 
from outer-sphere at the aqueous interface to inner-sphere at the air interface. Similar to 
the water-soaking results of adipic acid, unbound or loosely bound glutaric acid was 
desorbed, which was confirmed by the fact that a peak at -1710 cm 1 disappeared and the 
peak at 1585 cm 1 became clear by soaking and washing (data not shown). With our 
spectra of glutaric acid at the aqueous or air interface, the outer-sphere was a favorable 
adsorption type as glutaric acid adsorbed onto kaolinite at all aqueous pHs and at the air 
interface at pH 7 and 9, but inner-sphere complexation became the main coordination 
type at the kaolinite/air interface at pH 4. 
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Outer-sphere adsorption was the dominant type of complexation of azelaic and 
succinic acids at the kaolinite/aqueous interface for all pHs (Table 5.2). However, inner- 
sphere complexation was observed at pH 4 and 7 after drying. The complexation type of 
the acids by kaolinite changed from outer-sphere at the aqueous interface to inner-sphere 
at the air interface. The bonding types of these acids were also affected by pH; the inner- 
sphere complex was dominant in the acidic pH range, but the alkali pH range gave outer- 
sphere coordinations. A monodentate complex, Al-O-C linkages, of salicylic acid by illite 
was most probable under neutral conditions, whereas a bidentate complex was most 
probable at low pH (Kubicki et al., 1997). Therefore, we also suggest that relatively 
strong binding of dicarboxylic acid by the Al-OH edge or Al-(OH)-Al basal sites of 
kaolinite may occur at low pH, especially under dehydrated conditions. 
5.43.2. Dicarboxylic acid complex by Montmorillonite 
Montmorillonite has permanent negative charges due to isomorphic substitutions, 
but pH-dependent charges can develop on the surface hydroxyls (octahedral Al-OH and 
tetrahedral Si-OH) at the broken edges. Positive charges can develop from protonation of 
Al-OH sites at the edges only at pHs below ~ 6.5 (Tombacz and Szekeres, 2004), which 
may be the adsorption sites for partially negatively charged dicarboxylic acids at acidic 
pH via electrostatic attraction in this study, similar to the variable charges on kaolinite 
edges. 
The spectra of azelaic acid on montmorillonite are similar to those collected on 
kaolinite for all pHs (Figures 5.7c, 5.7d, 5.8, Tables 5.2, and 5.3). At the 
montmorillonite/aqueous interface (Figure 5.7c), azelaic acid at pH 4 had two dominant 
peaks at 1562 and 1408 cm"1, a weak peak at 1464 cm"1, and a shoulder at 1585 cm"1 that 
122 
became a peak at the same wavenumber upon drying. Finally, outer-sphere complexation 
ot azelaic acid for all pHs was dominant at the aqueous interface. Inner-sphere 
complexation was also observed at pH 4 and 7, corresponding to the binding reaction of 
azelaic acid at the surface of montmorillonite under dry conditions. Inner-sphere 
complexation was a favorable binding type of azelaic acid by montmorillonite in acidic- 
dehydrated conditions (Figure 5.8j and 5.81), which indicates that cumulative hydrogen 
on the surface or edge of the clay could enhance the relatively strong adsorption of the 
acid on the mineral. A recent study (Paul et al., 2005) showed that proton accumulation 
upon dehydration caused a speciation change: bidentate bridging or monodentate sulfate 
converts to bidentate bridging and/or monodentate bisulfate in sulfate adsorption by 
iron(hydr)oxide. The speciation change of sulfate was reversible as a function of 
rehydration, but the inner-sphere complexation of azelaic acid by montmorillonite was 
strong because the peak at -1583 cm 1 was still observed in the DRIFT spectrum after 
soaking with deionized water. 
The IR spectra (Figure 5.9c) of succinic acid at the montmorillonite/aqueous 
interface at pH 4 exhibited peaks at -1409, 1552, and 1595 cm'1, which indicates that 
both outer-sphere and inner-sphere coordinations are involved. Meanwhile, succinic acid 
could be complexed by only outer-sphere adsorption at both pH 7 and pH 9. The peak 
intensity at 1595 cm"1 was higher than that at 1560 cm 1 at the air interface at pH 4 
(Figure 5.9d), indicating that inner-sphere complexation may be dominant. Therefore, 
dehydration could change the coordination type from the outer-sphere at the aqueous 
interface to inner-sphere at the air interface. Similar to the water-soaking results of 
azelaic acid, unbound or loosely bound succinic acid was desorbed, which was confirmed 
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by the fact that a peak at -1708 cm 1 disappeared and the peak at 1595 cm 1 became 
sharper by soaking and washing. From our spectra of succinic acid at the aqueous or air 
interface, outer-sphere complexation was the favorable adsorption type as succinic acid 
adsorbed onto montmorillonite at all aqueous pHs and at the air interface at pH 7 and 9, 
but inner-sphere complexation became the major coordination at the montmorillonite/air 
interface at pH 4. The sorption types of adipic and glutaric acid by montmorillonite were 
quite similar to those by kaolinite (Tables 5.2 and 5.3). Complexation of all dicarboxylic 
acids by montmorillonite in this study had a similar pattern, and it was highly dependent 
on the pH of the suspension and dehydration. In addition, outer-sphere complexation was 
dominant at the aqueous interface at all pHs and at the air interface at high pH. 
5.5. Conclusion 
Dicarboxylic acid adsorption was highly affected by carbon chain length, pH, and 
type of clay minerals. Montmorillonite exhibited higher sorption for the dicarboxylic 
acids used in this study than kaolinite due to its surface area and characteristics. The 
extent of dicarboxylic acid sorption increased with decreasing pH and increasing 
aliphatic carbon chain length. Consequently, these data suggest that in soils long-chain 
aliphatic humic substances with reactive functional groups (carboxyl moiety) would 
prefer to adsorb onto clay minerals by diverse adsorption mechanisms. 
ATR-FTIR and DRIFT were utilized to investigate the binding type of a series of 
dicarboxylic acids at the aqueous and air interface of kaolinite and montmorillonite. 
Although outer-sphere adsorption by electrostatic forces or van der Waals interactions is 
dominant at all pHs, inner-sphere coordination increases as the pH is lowered. Inner- 
sphere complexation of the dicarboxylic acid/mineral complexes upon dehydration was 
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very stable, and was not reversible to outer-sphere adsorption after rehydration of the 
complexes. These findings are likely to have a broad environmental significance. NOM 
may adsorb predominantly by the outer-sphere manner on clay mineral surfaces at the 
aqueous interface, which changes to inner-sphere coordination (strong associations 
between the organic matter and the mineral surface) under dry conditions. NOM 
adsorption may increase the colloidal stability of mineral suspensions and colloidal 
transport. Adsorbed organic materials may also influence the sorption characteristics of 
clay minerals and inhibit the dissolution and weathering of minerals. In addition, NOM 
chemically adsorbed on mineral surfaces can resist chemical/biological degradation, 
which has significant implications for global carbon cycling. 
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Table 5.1. Physical data of the dicarboxylic acids employed in this study. 
Ligand Formula pKuI pKa2 
Succinic acid HOOC(CH2)2COOH 4.16 5.61 
Glutaric acid HOOC(CH2)3COOH 4.31 5.41 
Adipic acid HOOC(CH2)4COOH 4.43 5.41 
Azelaic acid HOOC(CH2)7COOH 4.53 5.34 
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Figure 5.1. Proposed adsorption complexes of organic acid with an aluminum oxide 
mineral: (a) monodentate, (b) monodentate bridging, (c) bidentate bridging, (d) bidentate 
chelate, and (e) outer-sphere adsorption. 
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Figure 5.2. Flow chart of the preparation of the dicarboxylic acid/clay mineral complex 
for IR analysis. 
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Figure 5.3. Percentage of adsorbed azelaic acid to clay minerals as a function of aqueous 
pH. The initial concentration of the acid was 0.25 mM, and the ratio of solution to solid 
was 200/1. 
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Figure 5.5. Percentage of adsorbed dicarboxylic acids to clay minerals as a function of 
aqueous pH. The initial concentration of the acids was 0.25 mM, and the ratio of solution 
to solid was 200/1. Abbreviation: Aze. = azelaic acid, Adi. = adipic acid, Glu. = glutaric 
acid. Sue. = succinic acid, Mont. = montmorillonite, Kao. = kaolinite. 
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(a) Adipic acid (b) Azelaic acid 
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Figure 5.6. ATR-FTIR spectra of dicarboxylic acids: (a) pure solid adipic acid and 20 
mM adipic acid at pH 4, 7, and 9 and (b) pure solid azelaic acid and 20 mM azelaic acid 
at pH 4, 7, and 9. 
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CHAPTER 6 
CONCLUSIONS 
The overall objective of my doctoral research was to advance our understanding of 
HOC adsorption as affected by structural characteristics of HAs and humins and the 
interactions between organic matter and clay minerals. 
This study supports the heterogeneous nature of SOM, even when extracted from a 
single soil sample. The aliphaticity of HAs increased with further extractions, which is 
important considering the role of aliphatic structures in the sorption of HOCs. 
Furthermore, the humin fractions with the highest aliphatic C contents and the lowest 
polarity showed the highest sorption capacity and nonlinearity as compared with the HAs. 
High sorption of HOCs by aliphatic materials contradicts the positive correlations 
reported for logXoc vs aromaticity. This contradiction may be explained by the polarity 
difference of SOM. According to the literature data, diagenetically (or thermally) altered 
aromatic-rich SOM, having relatively high sorption capacity (Koc), is often associated 
with low polar functional group content or low polarity (Grathwohl, 1990; Xing, 1997; 
Johnson et al., 2001). Similarly, in our current study the aliphatic-rich SOM was much 
less polar, but had relatively high Koc. Therefore, the polarity of SOM is likely one of the 
parameters most controlling sorption of HOCs. 
HA sorption by the clay minerals used in this study significantly depends on 
solution pH; acidic condition yielded higher sorption capacity, but sorption decreased 
with increasing pH. HA molecules underwent fractionation during adsorption on the clay 
minerals, which depended upon the types of clay mineral. So far, it has been reported that 
high MW and hydrophobic fractions prefer to adsorb to goethite. However, the decreased 
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polarity of the remaining HA fractions obtained after coating on goethite suggests 
adsorption of hydrophilic fractions of the original HA. DRIFT showed that goethite 
provided sorption sites for carboxylic carbons. Carbohydrate carbons were main fractions 
to adsorb by goethite based on NMR results. In contrast to the high proportion of 
adsorbed paraffinic moieties onto montmorillonite, high proportions of polar functional 
groups were identified on kaolinite surfaces. Electrostatic or ligand exchange reactions 
may occur on the broken edges of kaolinite and montmorillonite, as revealed by 
decreasing polarity of the HA fractions obtained after coating. The HA adsorption is 
explained not only by electrostatic or ligand exchange reactions on the surface broken 
edges of kaolinite and montmorillonite but also through coordinative and hydrophobic 
interactions on their basal plane (Figure 6.1). 
Due to the different surface characteristics between kaolinite and montmorillonite, 
relatively intermediate MW HA fractions with narrow MW ranges were likely to adsorb 
onto kaolinite, and relatively wide MW range of HA fractions were adsorbed onto 
montmorillonite. The binding mode of the small HA fraction on kaolinite and 
montmorillonite may be ligand exchange and/or electrostatic interaction. This HA-clay 
complex may have created hydrophobic sorption sites for high MW HA fractions. With 
these results, we proposed HA adsorption process onto the clay minerals in following 
steps: (1) electrostatic attraction or outer-sphere complexation of the polar functional 
moieties on relatively small MW HA fractions on pH dependent charged edges of the 
clay minerals and hydrophobic interaction between long chain paraffinic moieties and the 
basal plane of the clay minerals. (2) Carboxylic groups of adsorbed HA is involved in 
inner-sphere complexation on the edges by ligand exchange reaction, which makes a 
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stable HA-clay complex with hydrophobic characteristics. (3) The hydrophobic surface 
of this HA-clay complex is new hydrophobic sorption site for high MW HA fractions 
with condensed aromatic or long chain aliphatic moieties (Figure 6.1). 
From the adsorption study of small organic acid by clay minerals, the adsorption 
was highly affected by carbon chain length, pH, and type of clay minerals. 
Montmorillonite exhibited higher sorption for the dicarboxylic acids used in this study 
than kaolinite due to its surface area and characteristics. The extent of dicarboxylic acid 
sorption increased with decreasing pH and increasing aliphatic carbon chain length. 
Consequently, these data suggest that in soils long chain aliphatic humic substances with 
reactive functional groups (carboxyl moiety) would prefer to adsorb onto clay minerals 
by diverse adsorption mechanisms. The binding type of the dicarboxylic acids was 
analyzed with ATR-FTIR and DRIFT at the aqueous and air interface, respectively, of 
kaolinite and montmorillonite. Outer-sphere adsorption by electrostatic forces or van der 
Waals interaction is dominant at all pHs, meanwhile inner-sphere complexation increases 
as the pH is lowered. The inner-sphere complexation of the dicarboxylic acid/mineral 
complexes upon dehydration was very stable, and was not reversible to outer-sphere 
adsorption after rehydration of the complexes. 
These findings are likely to have a broad environmental significance. NOM may 
adsorb predominantly by the outer-sphere manner on clay mineral surfaces at the aqueous 
interface, which changes to inner-sphere coordination (strong associations between the 
organic matter and the mineral surface) under dry conditions. NOM adsorption may 
increase the colloidal stability of mineral suspensions and colloidal transport. Adsorbed 
organic materials may also influence the sorption characteristics of clay minerals and 
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inhibit the dissolution and weathering of minerals. In addition, SOM chemically adsorbed 
on mineral surfaces can resist against chemical/biological degradation, which has 
significant implication for global carbon cycling. 
Clay-humic complexation is a very promising research area. The results revealed 
that the fractionation of HA on clay mineral surface by examining clay-humic complex 
samples prepared with sequentially coating procedure. The conformation change of HA 
before and after sorption can be further investigated by employing complementary 
analytical instruments, such as atomic force microscopy, dynamic light scattering, and 
transmission electron microscopy. The different fractionation patterns are capable of 
changing the sorption properties of HA-clay complexes, which will help us to better 
understand HOC sorption mechanisms in the environment. In addition, more 
examinations on HAs from different sources are necessary to check consistency or any 
deviation on HA fractionation. It is well known that global warming arises from 
increasing concentration of CO2 in the atmosphere. The carbon emission from soil via 
microbial transformations of SOM is 10 times higher than CO2 emission from fossil fuels. 
Thus, international concerns about global warming have been focusing on the potential of 
soils to sequestrate CO2 from atmosphere. Close association of SOM with minerals such 
as complexes in soils has been reported to enhance the resistance of SOM to 
decomposition. Since humin materials are major components of SOM, they are 
considered to be major reservoir of the C sequestered by SOM. Biological/chemical 
degradation study of the clay-HA complex needs to evaluate the bonding strength and 
impact on carbon sequestration in the environment. Results from these works will help us 
improving soil management or practice for higher carbon sequestration. 
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